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INTRODUCTION 
Ceramics play a vital role in today's high technology industries. 
Their hardness and resistance to chemical attack make them useful as 
structural materials for corrosive environments. However, the ability to 
maintain these properties at high temperatures is their most unique 
advantage. In advanced energy conversion systems, the use of structural 
ceramics allows higher operating temperatures to be used, with a 
corresponding increase in thermodynamic efficiency. Currently available 
metallic superalloys usually cannot be used above about 1100 °C, but some 
of the new ceramic materials have already been tested successfully at 
temperatures up to 1400 °C. Even higher temperatures appear to be 
feasible. Their hardness also reduces wear in rotating machinery and 
erosion by entrained particulates in high velocity fluids. Because they 
do not soften at high temperatures, these new ceramics have found a ready 
market as bearing materials and as cutting tools. Their early success in 
these areas has come because bearings and cutting tools have simple 
geometric shapes. Thus, the need to fabricate and densify large, 
irregularly-shaped forms - a difficult problem with some of the new non-
oxide ceramics - does not arise in such applications. 
Besides having desirable high temperature properties, structural 
ceramics are generally lighter than their metallic counterparts, 
sometimes weighing 40% less. This makes them attractive in aerospace 
applications where reduced weight conserves fuel, and in turbine 
applications where reduced inertia improves the response to load changes. 
Ceramics may also have a wide range of electrical properties; they 
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can be conductors, semi-conductors, or insulators. The electronics 
industry is a major consumer of ceramic materials. They are used in 
capacitors, thermistors, varistors, piezoelectric devices, 
magnetostictive devices, magnetic cores, and other components. 
World-wide sales of high-technology ceramics vas 4.1 billion dollars 
in 1980, seventy percent of that being sales to the electronics industry. 
Boven (7) estimates that the total figure will be about 19 billion 
dollars by 1995, with about forty percent being sales of electronic 
ceramics. Thus, although sales to the electronics industry now dominate 
the field, and are expected to show a substantial growth, the growth of 
structural ceramics may be even more spectacular. 
Host types of ceramics are made from readily available raw materials 
and do not require the use of strategic metals from geopolitically 
sensitive areas of the world. They are also potentially less expensive 
than other materials. Such statements, although not infrequently made in 
the published literature, are often misleading because very high-purity 
raw materials are needed, and the stringent quality control demands 
placed on high-technology ceramics tend to make processing costs high. 
Although ceramics have many desirable properties, there are also 
some very difficult problems that stand in the way of their more 
widespread use. These problems also define today's most pressing 
research needs in the field. Ceramic materials are brittle; when they 
fail, they fail catastrophically. They have high strength in 
compression, but not in tension. Thus, one major research area is the 
development of effective design methods for ceramic parts - methods which 
minimize their susceptibility to fracture. Related needs are to develop 
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techniques, such as dispersion strengthening, to improve fracture 
toughness and thus reduce the tendency toward catastrophic failure, 
perhaps by the use of ceramic-ceramic fiber composites. 
The properties of high-technology ceramics are sensitive to the 
level of certain impurities in the raw materials used in their 
manufacture. The effects of these trace impurities must be determined. 
This is difficult work, demanding very careful measurements, high-
accuracy chemical analyses, and expensive clean rooms. 
The discovery of new ceramic materials, and the elucidation of their 
properties, is a very active area of research and one which is 
essentially limited only by man's ingenuity and imagination. It is a 
forefront area of research, providing new materials for development and 
feeding the need for basic research in crystal structure, amorphous 
materials, solid-state chemistry and physics, and high temperature 
chemistry. 
If these new materials are to be utilized effectively they must be 
produced routinely, in substantial quantities, and with consistent 
properties. This is a serious impediment, both technically and 
economically, to.the commercial development of high-technology ceramics. 
Bowen (7) has estimated the cost of reject material in the fabrication of 
such ceramics at 25% to 75% of the manufacturing cost. A report of a 
1979 panel on high temperature ceramics (17) states that "the major and 
over-riding problem of high performance ceramics is that components with 
desired properties and microstructure cannot be reliably and reproducibly 
manufactured." One must also observe that many of the papers which 
report successful tests of components made from new ceramic materials are 
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based on data obtained from carefully selected samples and do not 
represent performance that would be obtained from a typical production 
sample. 
In recent years, a great many of the problems in achieving high 
performance and in maintaining product quality have been shown to 
originate during the preparation of the powders from which ceramics are 
made. This will be discussed more fully in a separate section since the 
information provides a necessary background for understanding the 
importance of the research described in this work. Here, it is only 
necessary to say that rigorous control of particle size, size 
distribution, morphology, and state of agglomeration of ceramic powders 
is essential to the preparation of high performance ceramics on a 
commercial scale. 
The traditional.scheme for fabricating ceramics involves preparing 
the powder, forming a green compact, and sintering it to its final form. 
After the piece has been fired, little can be done to the hard and 
brittle product to change its properties. In this respect, ceramic 
fabrication differs from powder metallurgy, where the sintered form can 
be subjected to many of the mechanical and heat treatment operations used 
to improve the properties of metals. Some post-sintering operations are 
possible, but are usually carried out only to improve dimensional 
specifications. Even then, such procedures can introduce surface 
irregularities which may serve as fracture-initiating flaws. With 
ceramics, a better approach is to have sufficient knowledge of the 
details of the manufacturing process so that post-sintering operations 
are not needed. 
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The powder processing step, to a large extent, determines the 
conditions under which the subsequent processing steps must be carried 
out. For example, to achieve equivalent densification, a highly "active" 
powder may be sintered at a lower temperature and for a shorter period of 
time than a poorly processed powder of the same material. This usually 
produces a smaller grain size and a more uniform microstructure, both of 
which improve mechanical, optical, and electrical properties. 
Although the importance of powder processing in preparing ceramic 
powders is well established, the processing techniques are not. In 
recent years, new techniques have been developed. Many show great 
promise, but may be limited to only certain types of materials. Some, 
such as sol-gel processing, combine powder preparation and particle 
packing into a single step. Others, such as chemical vapor deposition, 
may combine powder preparation, particle packing, and sintering into a 
single operation. The use of monodisperse powders, another recent 
development, is designed to improve powder packing during the formation 
of the green (unsintered) compact. 
The more traditional methods of powder preparation are applicable to 
a broader class of ceramic materials. Although they have been in use for 
many years, much of the potential of these methods for preparing high-
performance ceramics remains untapped because their present state of 
development is sufficient only for making ceramics for less demanding 
applications. Equipment for these processes is readily available. In 
fact, much of it is now in place in manufacturing plants. A careful 
examination of current practice shows that most of these operations can 
be dramatically improved if a more scientific approach is developed. 
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Precipitation from solution is one of the most widely used 
traditional methods of preparing ceramic powders. The purpose of this 
research was to develop a rational and scientific basis for understanding 
the preparation of ceramic powders by chemical precipitation and to 
evaluate the effect of the powder preparation steps on the remaining 
fabrication operations. The precipitation of yttrium hydroxynitrate, 
followed by calcination to yttrium oxide (yttria), was the precursor-
oxide system used in this work. Yttria is considered a pseudo-rare 
earth. Its ionic radius and oxidation state give it properties similar 
to those of the rare earth elements. As such, it is representative of a 
vide range of useful ceramics. 
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POWDER PROCESSING 
Although the preparation of ceramic powders is the subject of this 
work, powder processing is an important aspect of many other areas of 
technology - powder metallurgy operations, pigments, cosmetics, and 
catalysts, to name only a few. It is emerging as a separate and 
identifiable discipline and several journals are now devoted exclusively 
to the subject. Current research is of a fundamental nature because of 
the increasing need for better control of powder properties and for a 
greater understanding of particle behavior in multiphase systems. The 
diversity of the origins of research in powder processing makes it 
difficult to assess the current state of the art. The work reviewed here 
is limited mostly to those aspects of powder processing which are 
important in the manufacture of ceramics. However, most of the concepts 
have much broader application. 
The main goal, and currently the most difficult problem in the 
processing of a commercial ceramic powder, is to prepare it reproducibly 
with a set of characteristics known to produce the desired responses as 
it is processed through subsequent fabrication stages (133). A 
discussion of these operations provides a framework within which the need 
for specific powder properties can be seen. 
Sintering 
Solid-state sintering is the most common method of consolidating a 
porous, compacted powder. During this operation the pores shrink, their 
shapes change, many of them disappear, and grain growth occurs within the 
compact (16). These changes in structure lead to densification and 
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strengthening of the body. Numerous interrelated processes act to bring 
this about. The driving force for sintering is a reduction in the 
surface energy of the powder compact. At elevated temperatures the 
surface tension of the particles gives rise to chemical potential 
gradients, which in turn produce a flow of matter in a direction which 
decreases the chemical potential; as a result, the total free energy of 
the system decreases. The mass fluxes that arise as a result of these 
differences in chemical potential gradients may occur in the vapor phase, 
along the solid surface, in the bulk of the particles, or along the grain 
boundaries (57). 
Sintering may be considered to take place in three stages, described 
by Burke and Rosolowski (10) as: 
1. Initial stage - a period where necks form and grow between 
particles; particles maintain their identity and relatively 
little shrinkage occurs. 
2. Intermediate stage - the time when most of the densification 
takes place. The neck areas continue to grow and shrinkage 
occurs as the distance between particle centers decreases. 
Individual particles lose their identity, considerable grain 
growth occurs, and pores form interconnecting channels along 
grain edges. 
3. Final stage - a period when the last remaining pores occur as 
isolated entities located either on the grain corners or totally 
enclosed within the grains as a result of moving grain 
boundaries sweeping past them. The ultimate density is achieved 
in this stage. 
The sintering rate, or rate of densification, is proportional to the 
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diffusion coefficient of the material divided by the cube of the particle 
radius (121). Since the diffusion coefficient increases with 
temperature, the sintering rate also increases with temperature. 
However, higher temperatures increase the rate of grain growth, and fine­
grained ceramics are generally considered to be desirable. An alternate 
means of increasing the sintering rate is to use a powder with a smaller 
particle size, which is the current trend in ceramic processing. 
Particle sizes in the micrometer and sub-micrometer range are common. 
The importance of particle size in sintering has been well 
documented in experimental work. For example, Tuominen (128) studied the 
sintering of fine molybdenum powders with different particle sizes but 
similar morphologies. The powders were pressed and sintered under 
similar conditions. Those compacts containing smaller particles sintered 
more rapidly and a higher final density was achieved. Hoch and Nair (45) 
prepared ultrafine powders of high purity mullite (3Al203*2Si02), 
stabilized Zr02, and alumina-zirconia (58 wt.% AI2O3), and found that 
compacts made from them could be sintered at temperatures well below the 
level required to achieve similar densities with more conventional 
commercial powders of larger particle size. 
Perhaps the most spectacular examples of the importance of particle 
size on sintering can be found in the literature on non-oxide ceramics. 
These covalently bonded materials, long considered "unsinterable" by 
solid state processes because of their very low diffusion coefficients, 
are now considered "difficult to sinter" since it was shown that they 
could be densified if small enough particles were used. Unfortunately, 
most non-oxide ceramics also present other problems which make their 
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fabrication difficult. 
For sub-micrometer particles, inter-particle forces become 
important. Unless their behavior is carefully controlled these small 
particles tend to agglomerate. In 1966, Livey et al. (73) reported that 
the agglomerate size and shape in BeO and UO2 powders had a profound 
effect on sinterability, and was in fact more critical than the size 
distribution of the primary particles. In 1970, Vasilos and Rhodes (130) 
demonstrated the effect by first removing agglomerates from a slurry by 
centrifugation. Although others also began to agree with these 
observations, it was a later paper (109) in 1981, also by Rhodes, that 
probably led to almost universal recognition of the problem. 
The presence of agglomerates that do not break down during 
compaction leads to a bimodal pore size distribution in the pressed 
compact and differential sintering takes place when they are heated. If 
the pores within the agglomerates disappear first, the agglomerates may 
shrink more rapidly and pull away from the surrounding powder matrix. 
This can leave internal cracks which Lange and Metcalf (71) have shown to 
be potential failure-initiating flaws in the finished body. If the 
surrounding matrix densifies more rapidly than the agglomerate, radial 
cracks may occur in the matrix. These cracks can also be failure-
initiating flaws. Many reports describing the detrimental effects of 
agglomeration in ceramic powders can now be found, but truly effective 
ways of handling the problem have yet to be developed. 
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Powder Preparation 
The oldest method of powder preparation, but one which is still 
widely used today, is comminution - the mechanical reduction of large 
bulk materials into smaller sized particles. It is inexpensive when 
compared to other methods, and may produce unagglomerated powders. 
However, little control is possible over particle size and shape, and 
physical and chemical properties of the powder surfaces (140). It also 
tends to produce a broad particle size distribution. These limitations 
make comminution generally unacceptable for preparation of powders for 
high performance ceramics. 
Chemical preparation techniques have become increasingly important 
in obtaining powders that are more reactive than those prepared by 
comminution. Better control of powder properties is possible. Chemical 
methods for active powder preparation can be classified into two major 
categories - vapor-phase techniques in which powders are formed by 
condensation from the vapor state with or without chemical reaction, and 
solution techniques in which the starting materials attain a high degree 
of homogeneity in a liquid solution (59). 
Vapor-phase methods can produce powders of high purity, very small 
particle size, and low states of aggregation. High cost and difficulty 
in making multicomponent materials are their major disadvantages. Much 
of the recent work on vapor-phase techniques has been devoted to the 
synthesis non-oxide powders. Laser-induced gas phase reactions have been 
shown to produce unagglomerated, ultrafine parti.les, nearly spherical in 
shape, with a narrow size distribution (13). 
A variety of solution techniques have been used. They can yield 
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powders of high purity and fine particle size. Because the chemical 
composition can be easily controlled, these methods may be used 
effectively with multicomponent systems. However, particle agglomeration 
is difficult to avoid, and it may cause difficulty in subsequent 
processing steps. The most straightforward method is simply to evaporate 
the liquid from a solution containing the desired precursors. 
Homogeneous mixed-oxide powders have been prepared by this method 
(66,76), but they were agglomerated and required milling before they 
could be sintered to a high density. 
Spray-drying has been used on a laboratory scale to prepare 
1 to SO ym spherically-shaped MgZn ferrite agglomerates of submicrometer 
primary particles (58). Industrially, spray-decomposition has been used 
to make high purity MgO, AI2O3, and CoO since 1970 (114). Emulsion-
drying, or removal of the water from an aqueous solution of the precursor 
by spraying it into a hot, immiscible hydrocarbon bath, yields powders 
with properties similar to those made by spray decomposition (107,108). 
Freeze-drying can be used to prepare homogeneous, highly active 
precursor powders for multicomponent oxides. An aqueous solution of the 
appropriate salt is sprayed into liquid nitrogen and the frozen droplets 
are freeze-dried, leaving a powder made up of spherical agglomerates in 
the 200 to 2000 ym size range (61,82,95). An advantage of this technique 
over the previously mentioned methods of solvent removal is that it 
produces more homogeneous powders in multicomponent systems. The quick-
freezing and subsequent solvent sublimation prevents the development of 
microheterogenities in the particles (94). 
Gelation, by hydrolysis of an organometallic precursor, is another 
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solution technique. Air-dried (80), vacuum-dried (68), and infrared-
dried (96) gel-derived powders have been prepared. The dried gels are 
usually amorphous and are made up of very dense "broken glass"-like 
agglomerates. In a similar technique, known as the sol-gel process, the 
gel is sprayed into a dehydrating liquid, commonly an alcohol, to give 
amorphous spherical precursor agglomerates called microspheres (43). 
After thermal decomposition, the sizes of these spherical powders range 
from 20 to 200 ym, with densities up to 97% of the theoretical values. 
The liquid may also be removed from the gel by hypercritical evacuation, 
leaving the original gel structure in place. 
The most common solution technique, simply called precipitation, 
involves the creation of a state of supersaturation as a result of 
chemical reaction. Subsequent particle nucleation and growth produces an 
insoluble precipitate which is then filtered, washed, and dried. When 
two or more compounds are brought out of solution simultaneously to form 
a homogeneous precipitate, the process is termed coprecipitation. The 
major problems associated with precipitation and coprecipitation as a 
nieans of preparation of fine powders are control of chemical composition, 
particle size, and particle agglomeration. Coprecipitation has been used 
to prepare precursors to mixed-oxide powders of varying composition 
because good homogeneity can be achieved in the liquid state. 
In precipitation, addition of the solution containing the precursor 
metal ions to the precipitating agent solution is termed reverse strike; 
the opposite sequence is called forward strike. Forward strike may cause 
the cation to be precipitated stepwise due to solubility differences of 
intermediate compounds. This can cause inhomogeneity in the precipitate. 
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Reverse strike tends to precipitate all cations simultaneously because 
the cation solution is fed into an excess precipitating agent and the 
solubility products of all the components are exceeded at the same time 
(60). 
The use of coprecipitation and precipitation generally requires that 
the precipitate be filtered, washed, and dried. The conditions under 
which the reaction is carried out determine the properties of the 
precipitate; these properties, in turn, determine what additional steps 
are necessary to obtain an active powder. In some cases, filtered and 
water-washed precipitates have been shown to sinter better if a final 
alcohol wash step is added (8,19,34). A procedure consisting of 
consecutive washes with acetone, toluene, and acetone has been found to 
produce highly sinterable oxide powders (20). Roosen and Hausner (110) 
found that the drying method could influence the sinterability of 
coprecipitated calcia-stabilized zirconia. One portion of the water-
washed precipitate was air-dried, another was freeze-dried, and a third 
vas air-dried after having been given an alcohol wash. The freeze-dried 
powder sintered to a higher density at a lower temperature than the other 
powders. The alcohol-washed powder sintered to an intermediate density, 
and the air-dried powder gave the poorest results. 
The improvement in powder activity obtained by using organic wash 
procedures is probably due to a reduction in the strength of the 
agglomerated particles. The lower surface tension of the organic liquid 
reduces the capillary forces which pull the particles together as they 
are dried and also decreases the amount of interparticle salt bridging 
(113). The improved sinterability of freeze-dried powders can also be 
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attributed to the reduction or elimination of these forces by 
immobilizing the solid material and removing the liquid by sublimation 
(95). 
The processing conditions for those steps which follow precipitation 
and drying - calcination temperature and time, compaction pressure, and 
sintering temperature and time - all have an important effect on the 
resulting microstructure (140) of the finished ceramic, and have been 
studied extensively for many years. These influences are, however, 
strongly affected by the properties of the dried powder. Recognition of 
the importance of the properties of the powder precursor has given new 
emphasis to the study of the early steps in ceramic processing. Indeed, 
the words "ceramic processing" were coined after the need for studying 
the interrelation of all the steps in the fabrication of ceramics was 
realized. 
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THE YTTRIUM NITRATE - HYDROXIDE - OXIDE SYSTEM 
Yttrium oxide (yttria) possesses desirable refractory properties - a 
high melting point (2410 °C), relatively low chemical reactivity, and 
good thermal shock resistance. It is used as a sintering aid in the 
densification of silicon nitride and also as a stabilizing agent for 
zirconia, both of which are important structural ceramics. Yttria has a 
cubic structure and is, therefore, optically isotropic. When sintered to 
near theoretical density so that light-scattering pores are removed, the 
polycrystalline material is transparent, with good transmission in the 
infrared spectrum. It may be used to make envelopes for high-intensity 
sodium vapor lamps, such as those used in street lighting (9). Yttrium 
iron garnet (YIG), Y3Fe50]^2» is an effective microwave filter, and an 
efficient transducer for acoustic energy (135). 
The yttria powders used in this work were prepared by calcining a 
continuously precipitated yttrium hydroxide compound. Precipitation from 
a nitrate solution by the addition of ammonium hydroxide begins at a 
minimum pH of 6.8. Experimental solubility products ranging from 
5.2xlOr22 8.1x10"^^ have been reported (132). The theoretical value 
is 1x10"^^, based on the assumption of ultimate precipitation as Y(0H)3 
(132). The solubility of yttrium as a function of pH is shown in 
Figure 1. The pairs of numbers in the figure correspond, respectively, 
to the number of yttrium ions and hydroxide ions present in the various 
complexes that may be formed. The dark curve is the sum of these 
different species in solution, or the total concentration of dissolved 
yttrium. The yttrium ions hydrolyze only slightly in solution before 
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Number pairs: x,y 
Figure 1. Contribution of various species to the solubility of yttrium 
assuming an ionic strength of one [constructed using stability 
constants found in Baes and Mesmer (2)1 
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precipitation of the hydroxide begins above pH 6. The solubility passes 
through a minimum at a pH of 9.7, and then increases as a Y(OH)^ species 
forms (2). 
The stability constants used to construct Figure 1 were determined 
in perchlorate solutions. Although perchlorate solutions are commonly 
used in such studies because their degree of complexation is slight (2), 
the nitrate salt is most often used in ceramic powder preparation, since 
any residual nitrate ion can be removed easily during the decomposition 
step (56,68,110). The presence of the nitrate ion complicates the 
system. During precipitation, yttrium hydroxynitrates are formed 
according to the reaction, 
+ (6-x)0H"+ zHgO > YgCOH)^ x(N03)x'zH20 (1) 
where x is between 0 and 1 (37,48,49,98). 
Figure 2 is an experimental precipitation curve obtained by Moeller 
and Kremers (81) for the yttrium nitrate-ammonium hydroxide reaction. 
The ratio of OH" to shown on the x-axis, is called the reactant feed 
mole ratio (RFMR). It is the ratio of hydroxide ions added to the number 
of yttrium ions originally present. The plateau, which begins at a pH of 
about 6.9 in Figure 2, is a result of depletion of the hydroxide ion as 
the precipitate is formed. Once the precipitation reaction is complete, 
the rapid increase in pH is a result of simply adding excess hydroxide 
ions to the system. 
The thermal-gravimetric-analysis (TGA) and differential-thermal-
thermal analysis (DTA) given in Figure 3 show that the yttrium 
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Figure 2. Titration curve for a yttrium nitrate solution titrated with 
an ammonium hydroxide solution {RFMR = reactant feed mole 
ratio (81)] 
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hydroxynitrates go through two dehydration reactions. Water is lost in 
the range from ICQ to 200 to form Y2^®®^5.14^^®3^0.86* This is 
followed by an endothermal decomposition (DTA peak at 337 °C) to form 
^2®2^®®H.14^^®3^0.86 which then decomposes endothermally (DTA peak at 
543 °C) to yttria (49). The nitrogen-containing species are the last to 
be released, with the conversion to ytttia being complete at a 
temperature of about 550 °C (14,49). 
The normal crystal structure of yttria is a defect CaF structure 
with two of the face or cube diagonal sites of each anion cube unoccupied 
(93,106). This form is stable up to about 2230 °C. A hexagonal phase 
exists from 2230 °C up to the melting point of 2410 °C (26). This 
behavior was one of the principal reasons for selecting yttria for this 
work. Since calcinations were done at 900 °C and sintering was carried 
out between 1400 ®C and 1900 °C, no phase transitions were encountered. 
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Figure 3. DTA (a) and TGA (b) analyses for yttrium hydroxynitrate (49) 
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PRECIPITATION 
Precipitation from a liquid phase is most often brought about by 
mixing two or more reactants which combine to form an insoluble or a 
sparingly soluble product. In batch precipitation, the solid phase 
(precipitate) appears initially as many very small particles formed by 
nucleation from solution. After the initial nucleation shower, the 
amount of precipitate may increase either by the nucleation of additional 
particles or by the deposition of material on existing nuclei (crystal 
growth). The high initial supersaturation favors nucleation, but the 
dominant mechanism shifts from nucleation to crystal growth as the 
reactants in the solution are depleted by the chemical reaction. In 
continuous precipitation a steady-state relation can be established 
between these two processes. Their relative importance is a function of 
the operating conditions in the. precipitator. 
Precipitation is sometimes considered as a crystallization process 
in which a high degree of supersaturation causes large nucleation rates 
and moderate growth rates. From an overall viewpoint, this approach is 
reasonable, but a detailed examination of the two operations reveals many 
substantial differences. In crystallization, the substance to be formed 
as a solid phase is usually dissolved in solution and its solubility 
limit approached by lowering the temperature, or evaporating the solvent. 
The material to be crystallized is often quite soluble and the degree of 
supersaturation can be controlled so that uniform crystals of substantial 
size are formed. ^ situ chemical reaction to form the crystallizing 
substance is not employed. 
23 
In contrast, the high levels of supersaturation reached when an 
insoluble product forms by rapid chemical reaction causes high nucleation 
rates and leads to the formation of many small particles. These small 
particles, of the order of tens of angstroms, are in the size range where 
their behavior is controlled by colloidal forces. Because they are 
formed so rapidly, they are often amorphous or have highly defective 
crystalline structures. 
In crystallization processes, most particles increase in size by 
crystal growth. In precipitation, particle size increases largely by 
agglomeration. The primary particles coagulate to form dense, tightly 
bonded aggregates and the aggregates combine to form still larger, but 
weaker and less dense, floes. Thus, an analysis of particle formation 
and growth in precipitation processes is essentially a kinetic study of 
the competing rate.processes of nucleation, crystal growth, aggregation, 
flocculation, and particle break-up. Particle break-up results from the 
exposure of floes to varying shear fields in the precipitator. The 
population balance approach, applied to crystallization by Randolph and 
Larson (101); will be extended in a later chapter to describe 
precipitation kinetics. The remainder of this chapter is devoted to a 
discussion of the principles underlying these phenomena. 
Nucleation 
Homogeneous nucleation is the formation of new particles from 
solution as a result of supersaturation alone. For the process to be 
spontaneous, there must be a reduction in the excess free energy. In a 
supersaturated system, clusters of molecules or ions of the solute are 
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continuously forming and redispersing. Their free energy is made up of 
two parts - a volume free energy resulting from bond formation, and a 
surface free energy resulting from the formation of a new surface. The 
surface free energy is always positive. For nucleation to occur, the 
volume free energy must be negative and of sufficient magnitude that the 
cluster will not decompose spontaneously. As the cluster size increases, 
the net free energy goes through a maximum value called the critical free 
energy of nucleation (83). In a sufficiently supersaturated solution, 
this barrier to nucleation can be overcome and stable nuclei are 
produced. Subsequent growth of these nuclei can further reduce the free 
energy of the system. 
Homogeneous nucleation is dominant at high levels of 
supersaturation. New particles may be created in less supersaturated 
solutions by heterogeneous nucleation, secondary nucleation, and 
attrition (101). Heterogeneous nucleation, the formation of crystals on 
submicroscopic insoluble matter, occurs in systems of moderate 
supersaturation; growth on the substrate particle is energetically more 
favorable since it reduces the energy barrier by having to create less 
new surface. At lower levels of supersaturation, secondary nucleation 
can take place; it is induced by the presence of other crystals. The 
creation of new particles by attrition results from the mechanical 
breakage of other crystals. In industrial crystallizers, where moderate 
levels of supersaturation exist, heterogeneous nucleation and secondary 
nucleation are most common. In precipitation, very high levels of 
supersaturation are created and homogeneous nucleation predominates 
(83,134). 
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The rate of homogeneous nucleation can be represented by the 
Arrhenius-type expression (83,101,134): 
B = (2) 
where K = a constant of the order 10^^ml"^sec It is a function 
of temperature and supersaturation (83) 
G = free energy of formation 
k = Boltzmann's constant 
T = absolute temperature. 
Assuming spherical geometry, the appropriate expression for G, derived 
from classical nucleation theory, may be inserted into equation 2 to give 
(83,134) 
^ 2 16lt* 
~(3(..n,x3.2„o2,_2. 
(3) B = K-e k(kT) P N°"ln"(S)J 
where a = interfacial energy between crystal surface and liquid 
H = molecular weight o£ the solid 
p = density of the solid 
N" = Avogadro's number 
S = supersaturation ratio. 
The supersaturation ratio, S, is the ratio of the soluté concentration, 
c, in the solution to the total solute concentration, Cg, at equilibrium. 
Equation 3 shows that the nucleation rate increases as the 
supersaturation increases up to a limiting value of K. Practically, the 
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difficulty in using equation 3 lies in determining a value for the 
interfacial energy, a. Sohnel (118) has developed an empirical 
correlation for a (in units of mJ/mole) based on a least squares analysis 
of data compiled from the literature. His correlation, 
a = -18.3 logio(Cg) + 34.5 (4) 
is claimed to be valid for ionic crystals with Cg lower than 0.1 moles/1. 
Randolph and Larson (101) proposed the following approximation to 
equation 3, 
B = k'(c - Cg)i or B = k's^ (5) 
where k'= a temperature dependent constant 
i = supersaturation order of nucleation (temperature 
independent) 
s = relative supersaturation, (c - Cg). 
When secondary nucleation is important, as it is in most crystallization 
processes, equation 5 must be modified (101). Secondary nucleation is a 
function of the number of particles present, and its effect can be 
accounted for by including the mass suspension density, M-j.. Equation 5 
then becomes 
B = k's^M^j (6) 
where j = suspension order of nucleation. 
The smallest stable particle that should exist during a 
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precipitation process can be estimated from Nielsen's expression for the 
critical radius of a spherical nucleus (83) 
* 2 oM 
^ " kTpN"ln(S) ^ ' 
For a given rate of formation of new solid phase, the critical radius 
decreases and the number of particles formed increases as the 
supersaturation level increases. 
Growth 
Crystal growth may be visualized as a result of successive events. 
Ions, molecules, or clusters diffuse to the surface of the growing 
particle, move along the surface of the particle, react at the interface, 
and finally become incorporated into the crystal lattice. The rate is 
diffusion-controlled if growth is limited by diffusion to the crystal 
surface. This often occurs in unagitated systems, in gel systems, or in 
systems where the precipitant is released slowly by hydrolysis or other 
decomposition reactions (homogeneous precipitation). In an agitated 
system, the growth rate will usually reach a maximum value as the level 
of agitation increases. At this point, surface reaction is the rate-
limiting step. 
A mass growth rate expression which combines the effects of both 
diffusion and surface reaction is given by Stevenson (120) as 
dm _ As /o\ 
dt - l/kj+ 1/k^ 
where m = crystal mass 
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A = crystal surface area 
s = relative supersaturation 
t = time 
kj. = surface rate constant 
kj = diffusion rate constant. 
If the concept of diffusion of the ions or molecules through a laminar 
film surrounding the crystal is introduced as 
where D = diffusion coefficient, 
then equation 8 can be written in its more familiar form (101), 
When McCabe's 6L lav of size-independent growth (78) is assumed, 
equation 10 can be rewritten to include size-invariant surface area and 
volumetric shape factors, and h„. to yield 
X = D/k d (9) 
dm DAs (10) dt ~ X + D/k 
r 
r 
(11) 
where L = characteristic dimension 
Equation 11 may be rearranged"to give. 
29 
where k 
9 9 
For crystal growth of electrolytes, many systems have been found to 
follow a parabolic growth law where the supersaturation is raised to the 
second power (84) 
This expression is derived by assuming that the rate determining step is 
the integration of ions into kinks in growth spirals on the crystal 
surface, that ions enter from a laminar film layer which consists 
primarily of electroneutral ratios of constituent ions, and that they are 
in adsorption equilibrium with the surrounding solution. 
The primary particles of most precipitates are submicrometer in size 
and colloidal particle interactions must be considered in explaining 
their behavior. In a stagnant fluid, these small particles are acted 
upon by electrostatic forces, London-van der Waals forces, osmotic 
forces, gravitational forces, and forces due to solvent structure. These 
forces, together with the effects of Brownian motion, determine the 
stability of the dispersion (89,131). Agglomeration resulting from 
Brownian motion alone is called perikinetic agglomeration. When the 
system is subject to shear forces due to fluid motion, orthokinetic 
agglomeration can occur. 
(13) 
Colloidal Interactions 
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Interparticle forces 
Colloidal particles have charged surfaces and tend to repel each 
other. One of the most common charging processes is the. adsorption of 
charged species on the surface of the particle. Ions that make up the 
crystal lattice are often preferentially adsorbed, and are called 
potential determining ions. Other ions can also be adsorbed at the 
particle surface and affect its surface charge; these ions are called 
specifically adsorbed ions. Ions that are not preferentially adsorbed at 
the particle surface and that do not affect the surface charge are called 
indifferent ions. 
Metal oxides and hydroxides tend to behave similarly when dispersed 
in an aqueous medium. They develop surface charges through a process of 
surface ionization. The surfaces of these solids possess a large number 
of amphoteric hydroxyl groups which can undergo reaction with either 
hydrogen ion's or hydroxide ions, depending on the relative concentration 
of these ions, or the pH of the system. The reaction can be pictured as 
H"^ OH" 
[M-OHgi* < M-OH —> or [MO]" + H^O (14) 
Surfaces are positively charged at high hydrogen concentrations (low pH 
values) and negatively charged at high hydroxide concentrations (high pH 
values). There is a point between these two extremes at which there is 
no charge on the surface. This point is called the point of zero charge 
(PZC). Because hydrogen ions and hydroxide ions determine the surface 
charge of these hydrosol systems, they are referred to as potential 
determining ions (52,117,129). 
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In order to maintain system electroneutrality, a diffuse cloud of 
counter ions (opposite in charge as the surface) and simili ions (like 
charge as the surface) forms in the fluid around a suspended particle. 
An electrical potential gradient develops, beginning at the particle 
surface and decreasing to zero asymptotically with increasing distance 
from the particle. The theory which describes these phenomena is known 
as the diffuse double-layer theory. The current picture of the double-
layer, shown in Figure 4, has been described by Sonntag and Strenge (119) 
in the following way; 
1. In the immediate vicinity of the interface, solvent molecules 
and a layer formed of specifically adsorbed ions may be present 
(the inner Helmholtz layer). These ions are adsorbed without 
their hydration shells, as "bare" ions. Since anions are 
commonly less strongly hydrated than cations, they are often 
preferentially adsorbed, regardless of the charge of the solid 
surface. The potential at the surface, is referred to as 
the surface potential, and the potential at the outer edge of 
the inner Helmholtz layer, i|>^, is called the inner Helmholtz 
potential. 
2. The counter ions are arranged in the outer Helmholtz layer, or 
Stern layer, at a distance S from the interface. In this layer 
the potential drops to ipg, the Stern potential. 
3. The diffuse electrical layer occurs after the Stern layer. 
Since the charged surface of the particle is balanced by a diffuse 
cloud of counter ions, the particle - double-layer systems are in 
themselves neutral; the particles repel each other only when their 
diffuse ion clouds interpenetrate. An expression can be derived for the 
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Figure 4. Distribution of ions near a charged plane interface (electric 
double-layer), and the potential drop versus distance 
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potential energy of interaction of two charged surfaces using either a 
force balance approach (44,131), or an evaluation of the free energy 
change required to bring the surfaces together from an infinite distance 
(47,131). By assuming constant surface charge, Veise and Healy (136) 
developed a simplified expression for the energy of interaction of two 
spherical particles of radii r^ and r2, 
V (15) 
where 8^= permittivity in a vacuum, 8.854x10"^^ J mV~^cm~^ 
s = dielectric constant of the medium 
d - minimum distance of separation 
K = Debye-Huckel parameter. 
The parameter K is defined as 
no 
where e = charge on an electron, 1.6x10"^^ J/mV 
I = ionic strength = 1/2 ^  where M.= concentration of 
ion i and z^= charge of ion i. 
The expression has dimensions of length and is a measure of the 
double-layer thickness. Equation 16 shows that the double-layer 
thickness decreases with increasing ionic strength. This effect should 
be visualized as a compression of the diffuse layer with increasing ionic 
strength. 
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Equation 15 is valid for situations where the particle radius is 
large with respect to the double-layer thickness, K~^, and when the Stern 
potential, is not too large. When y/g is less than 25 mV, the 
deviation from more rigorous calculations is about 1%, and when ipg is 
less than 75 mV, the deviation is less than 10% (119). For spherical 
particles of equal radii, r, equation 15 reduces to the simpler relation 
Vg= -2jiee^rt|;g^ln(l - e~^) (17) 
In this form, it can be seen that the potential energy of repulsion is 
directly proportional to the particle radius. This is why it is 
extremely difficult to prepare stable suspensions of very small 
particles, even with high Stern potentials. 
For spherical particles of unequal radii, the following expression 
of potential energy of interaction of non-retarded van der Vaals forces 
has been derived (44,119), 
^ d^2r,d.2r3d j 
^ ® U i-ZEjd+Zrgii jd+2r2d+2rjr2 d''+2r^d+2r2d+2rjF2J 
where Â = van der Vaals-Hamaker constant. 
The sura of the repulsive force, V^, and the attractive force, V^, 
gives the total interaction energy, Vfj., or 
"T- "R * "A 
For spherical particles of different radii and equal Stern potentials, 
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and are given by equations 15 and 18, respectively. The combination 
of these potentials forms the basis of what is known as the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (44,117,131). 
Colloid stability 
Equations 15 and 18 can be used to explore, theoretically, the 
interaction of small particles in suspension. The potential energy of a 
0.1 um sphere interacting with another sphere whose diameter ranges from 
10 to 0.1 ym is shown in Figure 5 as a function of the dimensionless 
interparticle distance, Kd. These curves were prepared for particles 
suspended in an aqueous suspension of 1:1 electrolyte with ionic strength 
of 0.075 M at 25 °C - conditions similar to those used for the continuous 
precipitation of yttrium hydroxynitrate carried out in this work. Values 
of 2xlO"20 and 3x10"^® J, chosen as estimates of the Hamaker constant, 
were based on literature values for chromium hydroxide (6). In Figure 5 
the potential energy maximum varies as a function of the Stern potential. 
For agglomeration to occur, particles must have sufficient kinetic energy 
to overcome this potential energy maximum and reach what is called the 
primary minimum near the particle surfaces. Therefore, this maximum may 
be considered a barrier to coagulation; a value of approximately 15 kT is 
necessary for a stable suspension (44,117). 
For the spheres of larger diameters, a minimum occurs at a distance 
of about 5 Kd. Called the secondary minimum, this can be low enough for 
stable floe structures to form at that interparticle distance (46,85). 
This phenomenon is called secondary agglomeration and generally is not 
found in systems under shear, since the attractive forces between the 
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Figure 5. Interaction energy for spheres of different diameters in an 
aqueous 1:1 electrolyte (0.075 moles/1) at 25 °C 
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particles are not sufficiently strong to maintain the agglomerate 
structure under the disruptive shear forces. 
Figure 5 illustrates that for spheres of different sizes under 
similar conditions, the smaller ones have a lover agglomeration barrier 
than the larger ones. The influence of the Hamaker constant is also 
seen. As the Hamaker constant becomes larger, the strength of 
interparticle attractive increases and the potential energy barrier 
decreases. 
Zeta-potential 
The Stern potential is often estimated as being equal to an 
experimentally obtainable quantity called the zeta-potential, C, or the 
electrokinetic potential. The zeta-potential is the potential at the 
surface of shear. This surface forms a sheath around the particle, such 
that the material within it moves as a unit when the particle undergoes 
electrophoresis. The expression for the zeta-potential is calculated 
from a balance of the electrical forces on the particle and the Stokes 
frictional resistance. For spherical particles in systems with large Kr 
values, the zeta-potential is expressed as a function of the 
electrophoretic mobility and the fluid properties by the Henry equation 
(44,117), 
where u = fluid viscosity 
Ug= electrophoretic mobility. 
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The exact position of the plane of shear is unknown. In addition to 
the ions in the Stern layer, a certain amount of solvent will also be 
bound to the charged surface and form part of the electrokinetic unit. 
It is therefore reasonable to assume that the shear plane is located at a 
distance further from the surface than the Stern plane, making the zeta-
potential slightly less than the Stern potential. Experimental evidence 
suggests that this difference is small for hydrosols (52). 
Perikinetic agglomeration 
The agglomeration rate, which depends on the frequency of the 
collisions between particles, can be analyzed in the same way as is used 
for bimolecular reaction kinetics (36). The total number of collisions 
per unit volume must be equal to the number of collisions per particle 
times the total number of particles present. Since the number of 
collisions for a given particle is proportional to the number of 
particles present, the collision frequency is proportional to the square 
of the number concentration, or for particles of radii r^ and r2 
B(r.,r2)= 6. (r,,r2)N(r^)N(r2) (21) 
where g (r ,r ) = size dependent collision frequency; with i equal to 
1 1 2  B for Brownian collisions and T for turbulent 
collisions 
N(r^), N(r2) = number concentration of particles. 
The form of (3j, first derived by von Smoulchowski for perikinetic 
floculation, has been the subject of much work (21,88). The derivation 
method most used employs the steady-state diffusion equation to obtain 
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the diffusional flux of particles toward a sphere whose radius is equal 
to the sum of the radii of the two interacting particles (12,21,72). 
When there are no interparticle repulsion effects present, and the 
only mechanism for particle transport is Brownian motion, the expression 
for % is (21,88) 
The expression is size independent when the interacting particles are of 
equal size. 
Orthokinetic agglomeration 
In most precipitation reactors, isotropic turbulence can be assumed 
(50,97). For example, for the hydrodynamic conditions in the 
precipitator used for this work, the Reynolds number was 44,000 based on 
the dimensions of the impeller, the physical properties of water, and the 
stirring rate. The mean velocity gradient, Vg, of 850 sec~^ was obtained 
from power number correlations (5,79). The resulting Kolmogoroff 
sicroscale of turbulence, was about 33 pm (115). Since, in this 
work, greater than 98% of the total precipitate volume consisted of 
particles less than 33 ym, only those eddies in the viscous subrange 
should have affected the particle interactions (18,126). Under these 
conditions of turbulence, if no electrostatic repulsion forces are 
considered, the expression for Sj. may be written (145), 
(22) 
6j,(rj^,r2) = 1.67Vg(rj^+ r^) 3 (23) 
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Delichatsios and Probstein (18), Saffman and Turner (115), and Levich 
(72) derived similar expressions, differing only in the value of the 
coefficients. 
The relationship between ^ and gp under these conditions is shown 
as a function of particle size in Figure 6. The collision frequency 
factor for spherical particles of diameter 10, 1, and 0.1 v>m varies with 
particles of increasing diameter and, for a given reference particle 
size, there exists another particle size where the dominant mechanism for 
collisions between the two particles changes from Brownian to turbulent. 
When an interaction potential is included, the collision frequency 
factor is (131) 
V" 
with W(r^,r2) = stability factor = 21 g— dS (25) 
2 S 
where S = 2[1 + d/(r,+ r^)] . 
Using equations 15, 18, and 19 in equation 24 and equations 22 and 23 in 
equation 25, values of p'(rj^,r2) can be estimated. These equations were 
integrated numerically for the conditions used for Figures 5 and 6 using 
Simpson's method to solve for W(r]^,r2). The results, plotted in 
Figure 7, show that under certain conditions the collision frequency 
factor decreases rapidly for the interaction of a large particle with 
another particle of increasing size. This indicates that, under these 
41 
r11 10 
9 
10 
Til 10 
-11 10 
0.01 0.1 1 
dg (/im) 
Figure 6. Collision frequency factor (no electrostatic repulsion 
effects) as a function of interacting particle diameters in 
water at 25 °C and V„ = 850 1/sec ((3g = Brownian interactions, 
Pj. = turbulent interactions) 
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conditions, large particles should grow only by agglomeration with 
particles of a much smaller size, and under other conditions (little 
electrostatic repulsion) they can also grow by agglomeration with 
particles of the same order of magnitude. This difference should 
influence the structure of an agglomerate. For example, agglomerates 
that grow by addition of similar sized agglomerates should have larger 
intraparticle voids and should be weaker than those which form only by 
the addition of much smaller particles. 
Agglomerate Break-up 
The same shear forces that bring particles together can also break 
them apart. Petenate (97) has recently reviewed the literature on 
possible agglomerate break-up mechanisms and has evaluated their relative 
importance in the turbulent disruption of protein aggregates formed 
during isoelectric precipitation. Most of the particle break-up was 
found to occur by local shear. This mechanism, along with the concept of 
"thorough" break-up, best explained her experimental results. Thorough 
break-up is the process in which an agglomerate is completely broken down 
into primary particles. 
Pandya and Spielman (90) showed photographically that the break-up 
of iron (III) hydroxide aggregates occurred both by erosion of the 
primary particles and by gross fragmentation of the aggregate into 
daughter particles of the same size order as the parent floe. They 
concluded that both mechanisms can occur in turbulent flow. 
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Morphology 
The structure of agglomerates formed during precipitation is a 
function of the particular reaction system employed and of the 
hydrodynamic conditions in the precipitator. For example, platelet-
shaped crystals have been shown to form "cardhouse"-like agglomerates due 
to preferential attachment of different crystal faces (129). Firth and 
Hunter (24,25) have developed an elastic floe model for agglomerates of 
spherical particles. Using a semi-empirical expression for relating the 
number of interparticle contacts to the floe volume ratio, C^p, defined 
as 
Cfp. (26) 
where +g= floe volume fraction 
* = volume of mass in floes. 
P 
and an expression for the maximum force needed to keep the floe together, 
they derived the relation 
where r = primary particle radius 
Vg = maximum shear rate floe has been subjected to 
d^z distance between particles at which force is a maximum 
B(di) = expression for interparticle electrostatic repulsion, 
(25). 
For high repulsive forces, this expression shows that dense floes must be 
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formed in order to resist break-up by shearing forces. This expression 
has been shown to fit a number of experimental systems subjected to 
laminar shear (23,53). 
Floe size as a function of stirring rate also has been studied 
(42,123,125,126). Tambo and Hozumi (123) have shown that under turbulent 
conditions there will be a maximum stable floe size which decreases with 
increasing levels of turbulence, and that the floe density will increase 
with increasing levels of turbulence. Thomas (125) found similar results 
for floe density as a function of the level of turbulence. Since strong, 
dense floes are undesirable for ceramic powder preparation, high shear 
conditions in the reaction vessel should be avoided when possible. 
Hydrous Oxide - Water Systems 
Because of their importance in determining the conditions for 
agglomeration and for the formation of stable suspensions, the 
electrokinetic properties of many hydrous oxide systems have been studied 
extensively. Parks (92) has reviewed the work done prior to 1965. For 
hydrous oxide systems, the charging mechanism of surface ionization has 
already been discussed. A different, but equivalent, mechanism for 
surface charging is given by the concept of surface adsorbed metal 
hydroxo species. Figure 1 shows possible species that can be present in 
the yttrium system. The isoelectric point (lEP) of a solution containing 
a solid phase and metal hydroxo complexes corresponds to the point of 
minimum solubility. When there is no preferential adsorption of 
nonpotential determining ions, the isoelectric point is equal to the 
point of zero charge. The calculated point of minimum solubility for 
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yttrium ions at a pH of 9.7, shown in Figure 2, compares favorably with 
the lEP given by Parks (92) as 8.95 for yttrium hydroxide determined from 
electrophoretic measurements. 
Many studies have been done on hydrous oxides to determine the 
influence such variables as temperature (124), adsorption of cations 
(77,138), adsorption of anions (144), ionic strength (41,55,137,142), and 
pH (22,41,137) have on the zeta-potential. In studies such as these, the 
hydrosols were prepared either by precipitation followed by dialysis, 
washing, ageing, etc., or by re-suspension of a powder followed by 
similar treatments. To obtain reproducible and consistent results, great 
care must be taken to insure that the solid surfaces do not have any 
unwanted species adsorbed, and that the suspensions are in chemical 
equilibrium. For example, the effect of pretreatment (acid leaching, 
ageing in suspension, ageing in air, heating, various washes, etc.) on 
the lEP of rutile and anatase was examined by Furlong and Parfitt (29). 
Their results show that the lEP of the titanium dioxides is strongly 
dependent on the crystal form (anatase or rutile) of the solid and the 
method of surface pretreatments In this work, the zeta-potential 
measurements were made on samples taken directly from the precipitator 
and which had not been treated in any way. For this reason, most of the 
previous work done on the electrokinetic behavior of hydrous oxide 
systems was not applicable. 
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PRECIPITATION MODEL 
The equations used to describe the kinetics of the continuous 
precipitation process are an extension of the three-particle population 
balance model developed by Burkhart et al. (11). A separate population 
balance equation is used for each type of particle, resulting in a system 
of three partial differential equations. The basic assumptions in the 
model are (1) no particles in the feed streams, (2) perfect mixing, (3) 
no product removal classification, (4) uniform particle shape factors, 
and (5) constant suspension holdup volume. In order to write the 
population balance equations, population density functions must be 
defined by the relation 
where Nj ^^ is the number of particles of type j per unit volume whose 
size is between and + AL^, L is a characteristic dimension, and t 
is the time. The quantities nj(L,t), are the population density 
functions. 
Crystallites, the primary particles in the precipitate, are those 
formed by nucleation from solution. They are produced continuously at 
the critical nucleus size and grow by solute deposition on their 
surfaces. The dynamic population balance for the crystallites is 
N. .= n.(L,t)ÛL. 
J y 1 J ^ 
(28) 
Crystallite Balance 
3n (L,t) 3n (L,t) 
— + G —^ (29) 
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where T = residence time, defined as the quotient of the reactor 
volume, V, and the volumetric flowrate, Q 
Gg= size independent growth rate by solute deposition 
average agglomeration rate constant for crystallites 
agglomerating with aggregates and floes. 
The terms in equation 29 represent, from left to right: (1) differential 
accumulation, (2) differential growth by solute deposition, (3) loss by 
flow from the reactor, and (4) loss by agglomeration with aggregates and 
floes. Under steady-state conditions, equation 29 becomes an ordinary 
differential equation of the form 
dn (L) ^ \ 
Gc--|L-- + G + kc)"c(l) = 0 (30) 
and, when integrated from the critical nucleus size, Ec,min' has 
the solution, 
-(L - L . )/G T 
n^(L) = n* e ® ® (31) 
with Tg= ^ (32) 
where n° = crystallite nuclei population density at 
The quantity, Tg, is the effective residence time of the crystallites in 
the precipitator. Since many of the crystallites undergo agglomeration, 
their average residence time as discreet particles is a function of the 
conditions in the precipitator. 
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Aggregate Balance 
Aggregates are agglomerates of the primary crystallites. The 
crystallite-crystallite aggregates are strong enough that little or no 
aggregate break-up occurs in the precipitator. The size of the aggregate 
with respect to the scale of turbulent disruptive forces makes this 
assumption seem valid (74,91). It is also supported by the experimental 
data of Hunter and Frayne (54). Aggregate growth is assumed to take 
place by two mechanisms - crystal growth by solute deposition, and 
collisional growth by agglomeration with crystallites. For growth by 
solute deposition, the linear growth rate, G^, is the same as for 
crystallite growth. For the aggregates, however, crystal growth was 
assumed to take place only on the surface of an equivalent sphere whose 
diameter was based on the total apparent volume, V^, of the aggregate. 
This included both the solid volume of the crystallites and the void 
volume created by the agglomeration process. The assumption of no growth 
on the internal surfaces of the porous aggregates was based on 
diffusional limitations of solute reaching these surfaces. 
Following the approach of Petenate (97) for collisional growth, the 
rate of change of the apparent volume of an aggregate can be expressed in 
terms of its equivalent diameter, L, as 
- f ^ ^ (33) 
where B(L,L^) = collision frequency 
Cfp = ratio of aggregate volume to the volume of the aggregate 
mass 
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Ng(L) = the number of aggregates of size L per unit volume 
Vg = volume of an average size crystallite 
Lg = diameter of average size crystallite. 
The collision frequency can be obtained from equation 21, where the 
collision frequency factor may be represented by equation 22 for 
perikinetic coagulation or by equation 23 for turbulent orthokinetic 
coagulation. Both equations were tested in the model. The use of 
equation 23 resulted in a much better fit of the experimental data; this 
point is discussed further in the Results section. 
Using equation 23 and recognizing that L is much larger than L^, the 
collision frequency may be expressed as 
where total number of crystallites per unit volume. 
Combining equations 33 and 34, and solving for the linear collisional 
growth rate, G^, gives 
• ST - • Ka,the.L <") 
'^a.theo-
The quantity, Ka,theo» the aggregate collisional growth constant if 
the collision efficiency is assumed to be unity and if there is no 
electrostatic repulsion barrier present. If a collision efficiency 
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factor, 0^, and the influence of electrostatic repulsive forces, defined 
by an average stability ratio, from equation 25, are included, the 
collision frequency becomes 
b'(L,E„) = ^B(L,E ) (37) 
n *-
a 
Therefore, a corrected collisional growth constant, one that can be 
estimated experimentally, is 
Vr^a.theo (3») 
a 
When this expression for the collisional growth of aggregates is 
included, the aggregate dynamic population balance is 
3n (L,t) K 3Ln (L,t) G 3n (L,t) ^ v 
+ -Mb + è + kJna(L, t) = 0 (39) 3t * 3L 
The second term in equation 39 represents the differential growth of an 
aggregate due to collisions with crysîiâllitëS. The remaining tsrms have 
meanings similar to those in equation 29. The coefficient, in the 
last term is the net loss-to-agglomeration rate constant for aggregates 
due to agglomeration with floes. The steady-state form of the aggregate 
balance is 
dn (L) in \ 
-fr- + Kjn^(L) = 0 (40) 
When the average minimum aggregate size is defined as 
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a^.mi.= h^ j <«> i,min I 
where h^ g, h^ size-invariant volume shape factors for 
crystallites and aggregates, 
equation 40 can be integrated from Carmin L, to give 
na(L) = n° Fa/GJ:a.min+ ^ 
C'a/Gc) L + 1 
*a 
(42) 
with Ga= 1 + + K^-
a a 
where n°= aggregate nuclei population density. 
Floe Balance 
The floes are formed by agglomeration of crystallites and 
aggregates. They are the largest particles in the precipitate, are less 
tightly bonded together, and are subject to break-up by the shear forces 
in the precipitator. The dynamic population balance for the floes is 
based on assumptions similar to those for the aggregates, but additional 
terms are included to account for floe birth, B, and death, D, by floe 
break-up, and is 
3nc(L,t) G 9nf(L,t) Kr3Lnr(L,t) « 
3t + -Hl + + T "f(L't) + D - B = 0 (43) 
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The size-independent collisional growth constant, Kg, for the floes is 
derived in a manner similar to that for K^, and is expressed as 
Kf- îr Kf.tbeo (44) 
the.- \ (CfpVc, Va, t) 
where aj= collision efficiency factor 
average stability factor (from equation 25) 
volume of an average aggregate 
total number aggregates per unit volume. 
The birth and death functions, B and D, in equation 43 may take 
different forms, depending upon the mechanisms of floe breakage. 
For the case where breakage is a function of floe volume and occurs 
by gross fracture into irj equisized daughter fragments which remain floes, 
the birth and death functions are often described (32,101) as 
D(L,t) = kfL3ng(L,t) (46) 
B(L,t) = lnP(n^^^L,t) (47) 
where kg= floe breakage rate constant. 
If these equations are used, the steady-state floe balance becomes 
- ? - Kf'-fd-)] (48) 
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If the floes are assumed to break completely down into aggregates, 
B = 0, and equation 48 reduces to 
1^ L * kjL3]„j(L) . 0 (49) 
When the average minimum floe size is expressed as 
xl/3 
^f,min" 2 ^ 
v,f J 
:a (50) 
where h^ size-invariant volume shape factor for floes 
L = diameter of an average size aggregate, 
a 
and equations 48 and 49 can be integrated from L, to obtain the 
floe population density. Equation 48 has no analytical solution. It was 
solved by fourth-order Runge-Kutta integration, using reverse iteration 
to meet the boundary conditions. The solution of equation 49 is, 
o(*^t.min+ 
n^^W - aL + 1 ) 
with A = §^[l3- [3,min]- :f,min)+ " 4,min] 
(51) 
4 0g= b/a - c/a 
a = Kg/G^ 
b = l/rG + Kf/GI 
c r c 
e _ kg/G, 
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where n^= floe nuclei population density. 
Equation 49 gave a much better fit to the experimental population 
density distributions obtained in this work, and it was used in the 
subsequent analysis of growth and breakage parameters. A more complete 
discussion is contained in the Results section. 
Properties of the Population Density Functions 
The population density functions have many properties which can be 
used to characterize the precipitate. The total population density 
function, n<]i(L), is the sum of those for each type of particle, 
iy,(L) =]S n.(L) j = c, a, f (52) 
The individual density functions are given by equations 31, 42, and 51. 
The total number of particles of each type can be found from the 
zeroeth moment of their population density functions, and the total 
number of particles in the system is the sum of these three moments, 
r® 
N^=E Mg j= 2 J n.(L)dL j = c, a, f (53) 
,min 
The first moments, which represent the total length of the 
characteristic dimension, are 
M, .= r Ln.(L)dL 
J J 
L. . J ,min 
j = c, a, f (54) 
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The number average of the characteristic dimension for each particle type 
is the quotient of their respective first and zeroeth moments, 
E.= » j = c, a, f (55) 
^ "o.j 
The second distribution moments correspond to the total surface area 
of the particles, and their sum is the total surface area available in 
the precipitator for particle growth by solute deposition, 
"2,3=^ ha,j J L^nj(L)dL j = c, a, f (56) 
,rain 
where h_ _, h_ _, h_ r =  size-invariant surface area shape factors for 
â y C  C L f  C i  a f j ,  
crystallites, aggregates, and floes. 
The number average particle surface areas of the different types of. 
particles are the quotients of their respective second and zeroeth 
moments, 
M„ . 
S.= j . c, a, f (57) 
^ "0,0 
The third moments of the distributions are the total volume of each 
particle type, and the total volume of the particles in the precipitator 
is 
p® o 
Vt=S Mg j= 2 hy j J LV(L)dL j = c, a, f (58) 
,min 
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The number average volumes for each type of particle is 
j = c, a, f (59) 
Overall Balances 
In order to have a closed system of equations which describe the 
kinetics of the precipitation process, a solute mass balance and 
precipitate volume balance are needed. If it is assumed that the amount 
of mass lost to nucleation is negligible, the steady-state solute mass 
balance equation is 
where Cj^„, solute concentration coming in and out of the 
This equation places a constraint on the crystal growth rate, G^. 
It defines the relation between and the total surface area, 5^, 
available for crystal growth in the precipitator so that the amount of 
solute deposited on the particle surfaces is equal to the solute lost 
from the mother liquor. By defining ÛC as (0^% - G^ can be 
defined explicitly from equation 60 as 
(60) 
reactor, respectively. 
r _ ZMAC 
c pts  ^ (61) 
Equation 61 was used to determine G^ experimentally from a moment 
analysis of experimental population density distributions. 
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To examine the conservation of precipitate volume for the system, 
the third macro-moments of the steady-state population balance equations 
(equations 30, 40, and 49) are used. The third moments, or overall 
volume balance equations, are obtained by multiplying the population 
balance equations by L^dL and integrating from Ej to infinity. The 
results of this procedure can be written in terms of the distribution 
moments, or, for the crystallites, 
a, c 
for the aggregates, 
3 h^ 3V3,a- ? *3,a- \"3,a= « " 
and for the floes, 
h 
3 iM «A.f* ^ M3_ J- J. 0 (64) 
a, I 
with g= hy g J L^nj(L)dL . (65) 
^f,min 
Since the kinetic parameters found must satisfy the population balance 
equations, the overall volume balance equations must also be satisfied. 
Similarly, using equation 61 to calculate the crystal growth rate (G^) 
forces the mass balance to be satisfied. 
By assuming that the porosity of the agglomerated particles is 
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Independent of particle size and agglomerate type (aggregate or floe), a 
balance on porosity can be written, 
(Cfp- 1) 
<1 - l/C;p)[(3K(N, I kfM* * 3K^M3_^ ] (66) 
where the floe volume ratio, Cgp, is defined as 
Cfp= ^ =6 (M3,a+ M3,f) (*?) 
The left-hand side of equation 66 represents the porosity available to 
agglomerates resulting from crystallite agglomeration and the increase in 
superficial agglomerate diameter caused by crystal growth on their 
surfaces. This is equal to the porosity gained by floes and aggregates 
(right-hand side of equation 66). Calculation of C^p using equation 67 
forces this balance to hold. 
Nucleation Kinetics 
The crystallite nucleation rate is of importance since it describes, 
along with the crystal growth rate, the size and distribution of 
crystallites. The crystallite nucleation rate is (lOl) 
dNc(Cc,min) *^"c^^c.min^ dL 
®c = dt dL 57 
c,min 
= (68) 
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If the crystal growth rate, is assumed to be a simple function 
of supersaturation (101), the crystal nucleation rate can be related to 
Gg by rewriting equation 6 as 
B^= k'G^iM_i (69) 
C  C I  
This equation is widely used to model continuous crystallizers; a summary 
of recent work can be found in an excellent review article by Garside and 
Shah (31). 
61 
EXPERIMENTAL EQUIPMENT AND PROCEDURES 
Figure 8 shows the processing scheme used in this work. A 
description of the equipment and procedures used for each of the steps is 
given below. A description of the characterization techniques employed 
is also included. 
Continuous Precipitation System 
The precipitation equipment, shown in Figure 9, consisted of a 
reactant feed system, a precipitation reactor, and a product removal 
system. Reactants were fed to the precipitator by peristaltic pumps and 
metered by rotameters. Small foreign particles in the feed streams were 
removed by 0.2 ym Pall Ultipor filters and gas bubbles were removed in a 
bubble trap. The feed streams were either directed back to the feed 
tank, when a flow rate was being set, or fed to the reactor during a run. 
Tygon tubing was used for all of the feed lines. 
The precipitator was designed after a unit whose crystal size 
distribution has been shown to conform to the mixed-supension, mixed-
product removal concept (30). The curved bottom of the borosilicate 
glass vessel (Figure 10) and the baffled, stainless steel draft tube 
(Figure 11) provided uniform toroidal flow to keep the precipitate 
particles suspended and to minimize dead volume. The precipitator 
contained feed input tubes, a thermometer, an impeller, a product removal 
system, a product removal tube, and pH electrodes (Figure 12). 
The intermittent product removal system was specially designed to 
insure isokinetic flow of the suspension into the product tube, thus 
preventing size classification of the particles as they were withdrawn 
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Figure 10. Glass precipitation vessel. The curved bottom is designed 
to promote uniform flow in the reactor so that the 
precipitate particles remain in suspension 
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Figure 11. Stainless steel draft tube and baffles used to create a 
toroidal flow pattern in the precipitator 
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(101). It used a float-contact relay system, which activated a 
peristaltic pump when the suspension volume reached 2.1 liters and 
stopped the pump when the volume dropped to 1.9 liters. The average 
volume was, therefore, kept at 2 liters, with 10 percent of the 
suspension removed during each cycle. 
Experimental Procedures 
Batch precipitations 
A series of batch precipitations were made to establish a working 
curve for the relationship between reactant feed mole ratio (RFMR) and pH 
for the yttrium nitrate-ammonium hydroxide reaction. They were designed 
to simulate as closely as possible the conditions to be used in the 
continuous precipitator. Twenty milliliter volumes of ammonium hydroxide 
solution of varying concentrations were added rapidly to 134 ml of 
yttrium nitrate stock solution and the pH of the stirred mixture was 
measured. •" -
Continuous precipitations 
The precipitation conditions were chosen to meet the following 
objectives: 
1. Precipitation runs were varied so that the necessary kinetic 
parameters for the continuous precipitation model could be 
determined from the experimental data. 
2. Precipitates of differing physical properties were obtained so 
that the effects of these properties on the subsequent 
processing steps could be assessed. This was done by varying 
both the operating conditions in the precipitator and the method 
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by which the precipitates were dewatered and dried. 
3. The yttrium feed concentration was high enough to obtain 
sufficient precipitate for subsequent processing steps, but low 
enough that particle size distributions could be determined 
without excessive dilution of samples for the particle analysis 
equipment. The solids fraction in the precipitator was also 
kept low enough that the rheological properties of the 
suspension did not differ appreciably from that of water. 
The pH of the suspension was the primary variable. It is a measure 
of the degree of supersaturation in the precipitator. Supersaturation, 
in turn, determines the relative importance of nucleation and crystal 
growth, and controls the number, size, and morphology of the crystallites 
which are formed. The pH is also a measure of the tendency of primary 
particles to agglomerates. 
A base residence time of 13 minutes, and flow rates of 20 ml/min for 
the ammonium hydroxide and 134 ml/min for the yttrium nitrate feed were 
chosen. These are similar to the values used by Hoyt (50) in an earlier 
study of the precipitation of ammonium polyuranate in a similar reactor. 
At a fixed pH, the base flow rates were doubled and halved to obtain a 
range of residence times from 6.5 to 26 minutes. One run, at the base 
residence time, was replicated to obtain an estimate of the 
reproducibility of the data. The nitrate ion concentration in the 
precipitator was varied by adding ammonium nitrate to obtain different 
values of the ionic strength in the precipitator. 
The yttrium nitrate feed concentration was held constant at 
0.03 moles/1. This gave a mass suspension density of about 4.2 g/1 in 
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the reactor. Twelve liters of the slurry product yielded 36 g of yttria 
- a sufficient amount for characterizing the material at various stages 
in the processing sequence and for carrying out sintering tests on the 
powders. A stirring rate of 1200 revolutions per minute was needed to 
insure good mixing and to keep the particles in suspension. It was kept 
as low as possible since the minimum shear rate necessary to maintain 
isotropic conditions should be used. The strength of the agglomerates 
formed in the reactor increases with higher levels of shear. 
Feed solutions The yttrium nitrate feed solution was prepared by 
suspending an excess of oven-dried yttrium oxide (>99.99% pure) in near 
boiling water, slowly adding sufficient concentrated nitric acid to 
dissolve the desired amount of solid, filtering the hot solution, and 
then diluting it to the desired concentration. The exact concentration 
was determined from the weight difference between the original amount of 
solid used and the amount left undissolved. A 0.03 molar yttrium 
solution prepared in this manner had a pH of 5.5 and was stoichiometric 
in nitrate. Because of the insolubility of the hydroxide, the solution 
was adjusted to a pH of 3 with nitric acid in order to prevent any 
premature precipitation in the feed tank or the feed lines. The nitrate 
to yttrium ratio for the pH adjusted solution was 3.09 to 1. 
The ammonium hydroxide feed solution was prepared from reagent grade 
ammonium hydroxide. Its exact concentration was found by titration with 
standarized nitric acid, using methyl red as the indicator. The nitric 
acid was standardized using THAM (2-amino-2-hydroxymethyl-l,3-
propanediol) as the primary standard. 
All solutions were prepared with distilled deionized water that had 
70 
a specific conductance of less than 2 yohm~^cin~^. 
Precipitation run procedure To insure equilibrium, the yttrium 
nitrate solution was allowed to stand at least overnight, and the 
ammonium hydroxide solution was prepared at least four hours before the 
start of a run. The precipitation vessel was filled with filtered, pH 
adjusted, distilled water. Prior to thé start of a run, the Coulter 
particle size analyzer was calibrated and the zeta-potential instrument 
turned on and checked. 
The Coulter counter was interfaced with a Digital Model LSI 11/23 
minicomputer to permit automatic data transfer and storage. Â computer 
program was written to store run conditions and system parameters. 
Before a run, the program was loaded into the computer and preliminary 
information such as run title, date, Coulter calibration constants, start 
time, and run conditions were entered. The computer then waited for 
sample data to be entered and recorded the time the sample entry was 
made. Data transfer from the Coulter counter was activated by pressing 
the print/plot switch on the counter. Particle size data were then sent 
to s buffer and converted to particle count numbers. The program 
subtracted background counts, averaged several counts for an individual 
sample, converted the values to a number density, etc. The individual 
sample distributions could then be plotted on the printer. In this way, 
sample distributions measured during the approach of the reactor to 
steady-state could be readily compared. 
Samples were taken either directly from the precipitator or from the 
sampling tube (see Figure 9). The samples for size distribution analysis 
were taken using an adjustable pipet with a disposable tip that had been 
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rinsed with filtered, deionized water. This method of suspension 
sampling has been shown not to produce particle size classification (33). 
Steady-state operation of the precipitator was considered to exist 
when the measured population densities no longer changed from sample to 
sample. This normally occurred after 8 to 12 residence times. After the 
last sample was analyzed, a run summary was printed. A typical run 
output is shown in Appendix A. Once steady-state was reached, the 
product was collected and filtration started. During this time, samples 
were taken on which suspension density and zeta-potential measurements 
were made. After enough of the suspension had been collected, the run 
was stopped and the system was cleaned in preparation for the next run. 
Precipitate dewatering and drying 
All of the suspension samples were first suction filtered, using 
fine-sintered glass filtration funnels, to remove approximately 90% of 
the water. The remaining precipitate was redispersed in filtered, pH 
adjusted, deionized, distilled water and refiltered. This process was 
carried out twice in order to remove any remaining salts. A portion of 
the precipitate was then suction filtered until no more water could be 
removed, and the cake was divided into three samples. The first sample 
was allowed to dry in air at room temperature. The second sample was 
quick-frozen in liquid nitrogen-cooled isopentane and placed in an FTS 
Model FD-3 Systems freeze-dryer. The third sample was also quick-frozen, 
but was allowed to thaw, after which it was suction filtered to remove 
the remaining water and allowed to dry in air at room temperature. 
The remaining wet precipitate was subjected to a series of organic 
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washing steps. It was redispersed in acetone and filtered again. A part 
of this sample was suction filtered until no more acetone could be 
removed and the cake was air-dried at room temperature. The remaining 
acetone-washed precipitate was washed with toluene, and then again with 
acetone. It was suction filtered after each wash and finally air-dried 
at room temperature. 
Calcination, compaction, and sintering 
The air-dried and the acetone-treated precipitates produced cakes 
which generally had to be ground to produce suitable powders. They were 
ground with a mortar and pestle until the powder passed through a 200 
mesh sieve. Those dried by other methods required only minimal grinding 
to break-up the loosely packed cakes. 
All of the precipitates were calcined in air for 3 hours at 900 °C 
to convert them from the hydroxynitrate to the oxide. For the sintering 
tests, 0.8 gram samples of powder were compacted uniaxially in a double 
action die at 6000 psi (41 MPa), placed in vinyl bags from which the air 
had been removed, and isostatically pressed at 32,000 psi (220 MPa). The 
resulting pellets were vacuum-sintered in yttria crucibles for two hours 
at 1400 °C, using a heating rate of 10 °C/min. After sintered density 
measurements had been made, selected pellets were resintered at 1800 °C 
for two hours using heating rates of 20 °C/min up to 1400 °C and 
10 °C/min from 1400 to 1800 °C. 
Characterization Methods 
A variety of techniques were used to characterize the materials 
obtained after the various processing steps in the sequence of processing 
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operations. These measurements supplied the information needed to 
understand the different phenomena, such as crystal nucleation and 
growth, crystallite morphology, agglomeration, etc., which occurred 
during precipitation, and also provided data for use in the kinetic model 
of the precipitator. The post-precipitation results were used to 
elucidate the effects of precipitation conditions on subsequent 
processing steps. 
Filtrate analysis 
The steady-state concentration of unprecipitated yttrium in the 
precipitator during a run was determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis of the filtrate solution. 
This method was chosen because it has a very low detection limit, on the 
order of one part per billion. 
Zeta-potential and specific conductance determination 
The zeta-potential of the particles was measured with a Model 500 
Laser Zee meter, which operates on the principle of stopped-flow 
electrophoresis. The particle suspension is introduced into a plexiglass 
sample holder containing cathode and anode chambers connected by a 
rectangular channel with a high width-to-height ratio. A microscope with 
a small depth of field is focused at the upper stationary layer. At a 
right angle to the microscope image is a small laser beam which is set so 
that diffraction patterns of the particles at the stationary layer are 
created. These patterns appear as small red dots when viewed through the 
microscope. When a voltage is applied across the electrodes, the 
particles begin to migrate if they are charged. The speed of a rotating 
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prism is adjusted so that the "cloud" of red dots appears to be standing 
still. The instrument then internally converts the velocity of the prism 
to the zeta-potential. 
When particle concentrations were too high to be analyzed directly, 
the samples were diluted with filtrate solution so that the environment 
of the particles was not altered. This instrument also was used to 
determine the specific conductance of the suspension. 
Suspension density measurements 
When a run reached steady-state, 25 ml volumes of the suspension 
were pipeted into three weighed, fine-sintered glass suction funnels. 
The suspension was suction filtered, washed twice with pH adjusted water, 
once with acetone, and oven dried at 110 °C. • The mass suspension density 
was then determined as the quotient of the weight of the dried 
precipitate divided by the volume of suspension from which it was 
obtained. 
Particle size distributions 
Coulter counter measurements A Coulter counter, Model TA-II with 
population accessory, was used to measure particle size distributions 
during precipitation runs. The effective detection limits for this 
instrument ranged from slightly less than 1 ym up to several hundred 
micrometers. It operates on the electrical zone sensing principle. The 
particles, suspended in an electrolytic medium, are made to flow through 
a small aperture. Electrical current flowing through the aperture 
changes abruptly when a particle passes through it; this current pulse is 
related to the equivalent spherical diameter of the particle. Aperture 
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diameters of 50 ym (sizing range of 1 to 20 ym), and 200 ym (sizing range 
of 4 to 80 ym) were used in this work. They were calibrated using 
monodisperse polystyrene microspheres of an appropriate diameter. 
When particle concentrations were high enough that multiple 
dilutions became necessary to obtain a coincidence error of less than 5%, 
pH adjusted, yttrium-saturated water was used for the first dilution and 
pH adjusted, sodium chloride electrolyte (3% by weight) was used for the 
second dilution. Both solutions were first filtered through a minimum of 
three 0.2 ym filters in series to insure a low background count by 
removing small foreign particles. The particle distributions using this 
process were stable; little particle precipitation, dissolution, 
agglomeration, or break-up occurred between sample counts. Typical raw 
count results, counting volumes, and dilution factors are shown in 
Appendix A. 
Transmission electron microscope measurements A Hitachi Model 
HU-125 transmission electron microscope (TEM) was used to measure the 
sizes of particles too small to be detected by the Coulter counter. The 
size distribution of these small particles had to be measured in such a 
way that the data could be combined with the Coulter counter data for the 
same sample in order to obtain the entire particle size distribution. 
Salt clouding of the TEM image was encountered whenever a sample was 
prepared from particles taken directly from the precipitator; to overcome 
this problem, the precipitate sample was treated with the acetone-wash 
drying procedure on a very small scale, and then dispersed ultrasônically 
in filtered ethanol. A small drop of the ethanol-powder suspension was 
placed on a 200 mesh copper grid with carbon grid support (no. 1125A 
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Earnest Pullman, Inc.) and the drop was carefully blotted, leaving a well 
dispersed layer of particles on the grid-supported carbon film. The TEM 
photomicrographs were analyzed using a LeMont Scientific B-10 image 
analysis system with an image dissector camera attachment to obtain the 
particle size distribution. 
Powder particle size distributions The particle size distribution 
of selected hydroxynitrate and oxide powders were obtained using a 
Micromeritics Sedigraph Model, 5000ET. The instrument relates the 
settling velocity of a particle in a liquid to its size. Approximately 
0.6 g of powder was dispersed in 50 ml of water using Calgon as a 
dispersing agent. The particle size distribution was measured before and 
after irradiation with an ultrasonic probe for 10 minutes to obtain an 
estimate of the strength of the floes. 
Particle morphology 
A Cambridge Stereoscan 200 scanning electron microscope (SEN) was 
used to study the morphology of the powder samples. Samples were 
prepared either by sprinkling powders onto two-sided cellophane tape 
placed on a metal stub, or by placing a drop of ulfcrasonically dispersed 
ethanol-powder suspension directly onto a metal stub. The stubs were 
then sputter-coated with gold in an argon atmosphere. 
The crystallites in the precipitates were platelet-shaped. The 
equivalent circular diameter of these platelets was taken to be their 
characteristic dimension. Shadow casting by vacuum evaporation of 
germanium was used to obtain the crystallite diameter-to-thickness ratio. 
Germanium was evaporated onto TEM grids with dispersed powder samples. 
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similar to those used for TEM-image analysis, at an angle, 9, of 7° or 
14° in a manner described by Rosauer and Wagner (112). By measuring the 
length of the shadow cast, Lg^» from TEM photomicrographs, the thickness 
was calculated from the relation, 
tg= Lgjjtan© (70) 
Surface area and apparent powder density 
A Micromeritics Model 2100D surface-area, pore-volume analyzer was 
used to determine BET surface areas and apparent powder densities. For 
surface area measurements, samples were outgassed at 110 °C overnight to 
clean the surfaces and remove any adsorbed water; nitrogen or krypton was 
used as the adsorbent. The apparent powder density was determined using 
the same instrument as a gas pycnometer, with helium as the gas for 
volume determination. 
Powder tap density 
The tap density is related to the agglomeration state of the powder; 
small, dense agglomerates pack more tightly than large, highly porous 
agglomerates. The tap densities for the powders were obtained by placing 
a known mass of powder into a graduated cylinder and tapping it until 
there was no longer any settling. The final volume was then read and the 
density calculated. 
Precipitate composition and structure 
A Rigaku-Denki Differential Thermal and Thermogravimetric Analyzer 
(DTA/TGA) was used for obtaining information on the composition and 
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structure of the precipitates by thermal decomposition. Sample weights 
of 15 to AO mg were used with a chart speed of 0.5 cm/rain, and a heating 
rate of 10 °C/min; heating was carried out in an air atmosphere. 
Ion chromatography was used to determine the percent nitrate in the 
precipitate. A weighed sample was dissolved with HCl at 60 °C and then 
injected into the ion chromatograph column. 
Powder x-ray diffraction patterns were obtained using a Siemens D500 
Automated X-Ray Diffractometer. The instrument used a Cu-Ka radiation 
source, and had a rotating sample stage to minimize preferred orientation 
affects. For estimation of crystallite sizes of selected hydroxynitrate 
and oxide powders, x-ray line broadening was used. Using the procedure 
outlined by Rosauer and Handy (111), the diameters were estimated from 
the Sherrer equation, 
"x-ray- (71) 
where d^ ray" ^ ean crystallite dimension normal to diffracting planes 
K = constant ranging from 0.7 to 1.7 (0.9 assumed) (65) 
X = wavelength of incident x-ray radiation 
g = peak breadth in radians at half-maximum peak height 
0 = diffracting angle between an atomic plane in a crystal. 
The peak breadth, g, was corrected for instrument broadening and for 
broadening due to Ka splitting. Yttria powder prepared by grinding 
sintered yttria pellets was used as the reference to correct for 
instrument broadening. 
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Pellet characterization 
A Quantachrome SP200 mercury porosiraeter was used to obtain the pore 
size distribution of selected yttria powder compacts. The pore radius, r 
(angstroms), is related to the mercury intrusion pressure, F (psi), by 
the Washburn equation (87) 
t = (72) 
2 
where y = surface tension of mercury (484 dynes/cm ) 
0 = contact angle for mercury (140° assumed). 
The pore size distributions were determined by combining the intrusion 
results of scans over 0 to 1200, 0 to 6000, and 0 to 60,000 psi pressure 
ranges using the first derivative of the pore volume with respect to pore 
radius by a method similar to that used by Hammerberg (35). 
The bulk densities of the unfired pellets were determined from the 
physical dimensions of the pellets. Archimedes' principle was used for 
the sintered pellets (62). A dried pellet of weight, Wj, was saturated 
with water to find the saturated weight, W^. The saturated pellet was 
then placed in a submerged basket of weight Wy, and the combined weight, 
Wgg, was determined. The bulk density of the pellet was calculated from 
the expression 
. _ *4*1 (73) 
"s- "b* 
where density of water. 
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The percent theoretical density was then calculated using the theoretical 
density of yttria, i.e., 5.031 g/cm^. 
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RESULTS AND DISCUSSION 
The results of this work are separated into three main topics. In 
the first four sections, the precipitation process and the properties of 
the precipitates are discussed in terms of experimentally measured 
quantities. In the fifth section, the precipitation process is analyzed 
in terms of the kinetic model. Finally in the last section, the effects 
of precipitate characteristics and the precipitate devatering method on 
the calcination, pressing, and sintering operations are examined. 
The concept that the precipitate consisted of three types of 
particles - crystallites, aggregates, and floes - pervades the following 
discussion. To illustrate the three-particle concept. Figure 13 shows 
typical volume density distributions of the three particle types 
calculated from their population density functions for run 1. The figure 
shows that the crystallites were less than 0.1 ym in size, the aggregates 
ranged from 0.1 to 1.0 ym and the floes fell in the 1 to 30 ym size 
range. 
The experimentally obtained population density distributions (FDD) 
were used to analyze the precipitation process and to obtain the 
parameters in the precipitation model. These distributions were obtained 
from the combined Coulter Counter and image analysis particle size 
distributions. The method used is given and discussed in Appendix B. 
Precipitation Reaction 
Batch precipitations 
Run conditions for the continuous precipitation runs were chosen 
from batch precipitation experiments designed to simulate conditions 
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Figure 13. Normalized volume density distributions for run 1 illustrating the three types of 
particles present in iche precipitate (calculated using the population density functions) 
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which would exist in a continuous precipitator. The relation between pH 
and reactant feed mole ratio (RFMR) is shown in Figure 14. The open 
circles represent different batch precipitations in which 20 ml of 
ammonium hydroxide solution of varying concentrations were added rapidly 
to 134 ml of 0.03 M yttrium nitrate solution. The reaction mixture was 
stirred continuously and the pH measured until no further change with 
time occurred. 
The curve begins at a pH 3.0 rather than 5.5, the value for 
stoichiometric 0.03 M yttrium nitrate, because nitric acid was added to 
the yttrium nitrate solution to simulate a pH adjustment made in the 
continuous precipitation runs to prevent any premature precipitation in 
the feed line. The initial rise represents neutralization of the nitric 
acid. A persistent precipitate occurred at a RFMR of 0.5, which would be 
the minimum value at which a continuous precipitator could be operated. 
The stoichiometric RFMR for the yttrium hydroxynitrate is 2.5, based on a 
Y2(0H)5(N03)-1H20 precipitate phase. 
From this batch precipitation curve, RFMR values ranging from 2.6 to 
5*5 were chosen to provide a wide range of supersaturation levels in the 
continuous precipitator. Lower values would have resulted in unnecessary 
yttrium loss in the filtrate. At the higher values, the precipitate was 
too gelatinous to be handled easily. The validity of the batch 
simulations is shown by the solid circles in Figure 14, which represent 
data taken later during the continuous precipitation runs. A summary of 
the experimental conditions and the quantities measured for each 
continuous run is given in Tables 1 and 2. 
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Figure 14. Relationship between pH and the reactant feed mole ratio 
(RPMR) for batch and continuous precipitations 
Table 1. Summary of continuous precipitation run conditions 
Run OH-:Y+j N03";Y-'+ T pH T QY lY+Jj OOH [0H-| 
(sec) (°C) (cm^/min) (M) (cm^/min) (M) 
1 3.25 3.09 780 8.80 24.8 134 0.0299 20 0.65 
2 4.20 3.09 780 9.21 24.9 134 0.0299 20 0.84 
3 3.65 3.09 780 8.95 24.5 134 0.0299 20 0.73 
4 2.90 3.09 780 8.68 24.7 134 0.0299 20 0.58 
5 2.60 3.09 780 7.92 24.7 134 0.0299 20 0.52 
6 5.50 3.09 780 9.49 24.5 134 0.0299 20 1.10 
7 4.00 3.09 390 8.99 24.0 268 0.0297 40 0.80 
8 4.00 3.09 780 9.08 23.6 134 0.0297 20 0.80 
9 4.00 3.09 1560 8.98 24.5 67 0.0297 10 0.80 
10 4.00 3.09 780 9.02 24.4 134 0.0297 20 0.80 
11 4.00 6.00 780 8.70 25.1 134 0.0297 20 0.80 
12 4.00 9.00 780 24.1 8.60 134 0.0297 20 0.80 
Table 2. Summary of continuous precipitation experimental results 
Run C-Pot. S.C. Precipitate® 
Volume 
ï^lfiltrate •^x-ray ^x-ray dc/tc r2 
[20=19.81 [26^29.1| 
(mV) (mohms~^cm"^) (g/1) (cm^/l) (>dO^ M) (A) (A) 
1 +49.5 8.1 3.90 7.09 9.2 58 89 3.37 0.917 
2 37.6 8.4 3.96 2.50 1.0 48 67 3.08 0.785 
3 76.3 8.0 3.80 4.10 1.1 127 210 5.88 0.955 
4 43.4 7.0 3.99 13.08 13.2 70 148 4.76 0.941 
5 40.4 8.1 4.50 15.00 39.1 139 244 17.3 0.740 
6 31.7 8.0 4.36 2.60 0.22 ND 3.30 0.910 
7 52.6 8.0 4.20 3.14 0.22 90 148 3.64 0.916 
8 50.3 8.1 3.94 3.18 0.34 93 148 3.64 0.857 
9 51.5 7.7 3.90 5.35 0.34 88 119 3.33 0.964 
10 53.2 6.4 4.01 3.10 0.22 ND ND ND ND 
11 30.0 17.6 4.33 4.90 0.98 76 119 6.21 0.902 
12 19.5 27.2 4.40 4.99 0.72 88 124 5.35 0.936 
^Theoretical value = 4.54 cm^/l; deviation due to precipitate loss during filtration. 
^Third moment of volume density functions; calculated using polynomial fit to experimental 
population distribution data. 
^Not determined. 
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Yttrium solubility 
The yttrium concentration in the filtrate solution vas used as an 
estimate of the total yttrium solubility in the precipitator at each 
RFMR. These values, and also the calculated solubility curve for yttrium 
hydroxide from Figure 1, are shown in Figure 15. The solubility of the 
precipitate decreased as the pH increased. The two curves are similar. 
The difference is due largely to the formation of a hydroxynitrate rather 
than a hydroxide phase in the precipitator. 
Estimated values of the supersaturation ratio, S = c/cg, are plotted 
in Figure 16 as a function of pH. They were calculated as the ratio of 
the yttrium concentration that would be in the precipitator if no 
precipitate formed (c = 0.026 mole/1) to the concentration actually 
measured in the run filtrate (assumed to be Cg). These values can be 
considered as upper limits for S. True values, measured while nucleation 
and crystal growth were taking place, would have been somewhat lower. 
However, Figure 16 shows qualitatively how the supersaturation changed 
over the pH range studied. 
Crystallites 
Morphology 
Normally, the nucleation rate and the crystal growth rate both 
increase with supersaturation, but the nucleation rate generally 
increases more rapidly (31). Thus, one would expect smaller crystallites 
at higher supersaturation levels. This expected result is confirmed in 
Figure 17 by the systematic increase in the width of the x-ray peaks as 
supersaturation is raised by increasing the pH from 7.92 to 8.8. The 
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predicted solubility (2) as a function of pH 
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Figure 17. X-ray powder diffraction patterns of yttrium hydroxynitrate 
precipitates (acetone-washed) showing the systematic loss of 
precipitate structure with increasing pH and the anomalous 
structure change at a pH of 8,95 
91 
decrease in the peak heights shows that the crystallinity also decreased. 
There is an unexpected discontinuity in the peak height and the line 
broadening at a pH of 8.9, after which the trend toward smaller, less 
crystalline particles again continues with increasing pH. The x-ray 
pattern of the high pH run (pH = 9.5) is characteristic of a material 
with very low.long-range order, showing that precipitates formed at very 
high supersaturation tended to be amorphous. The discontinuity at a pH 
of 8.9 appears again in Figure 18 in a plot of the x-ray crystallite size 
as a function of pH. Above a pH of 9.2, the x-ray peaks became so 
diffuse that crystallite size measurement by x-ray line broadening was 
not possible. The crystallite diameter-to-thickness ratio, dg/t^, 
determined from TEM photomicrographs using the shadow casting technique 
discussed in Appendix B, is also plotted in Figure 18. These 
measurements show that the crystallites became more equiaxed with 
increasing pH, but once again the unexpected discontinuity at a pH = 8.9 
can be seen. The change in crystallite size, and the discontinuity at a 
pH of 8.9 also can be seen in the series of TEM photomicrographs Figure 
19. Rsascns for the discontinuity are discussed later. 
Composition 
Holcombe et al. (49) prepared yttrium hydroxynitrate using sodium 
hydroxide as the precipitant under conditions where the OH" to ratio 
was 2.0. The precipitation conditions for run 5 (pH = 7-.92, 0H";Y3+ = 
2.6) were most similar to his. The x-ray diffraction pattern and the 
crystallite morphology of the precipitate from this run compare well with 
Holcombe's data. The similarity of the precipitate in both cases also 
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Figure 19. TEM photomicrographs illustrating the anomalous 
discontinuity in crystallite size at a pH of 8.95 
(width of picture = 1 urn) 
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can be seen by comparing the TGA and DTA curves in Figure 20 to 
Holcombe's curves in Figure 3. The smaller endothermal phase change 
peaks in the DTA curves and the shrinking of the plateaus in the TGA 
curves in Figure 20 again show the loss of structural order in the 
precipitate as the pH was increased. 
Using wet chemical methods, Holcombe found that his precipitate had 
a weight percent nitrate of 15.7, a density of 2.9 g/cta?, a weight loss 
of 32.9% upon calcination, and a chemical formula of 
Y2(0H)5 2^(N02)q gg'0.99H20. This compares favorably with an average 
weight percent nitrate of 17.2 ±0.8 determined by ion chromatography on 
acetone-washed precipitates from runs 1, 2, 3, 5, 7, 8, and 9, an average 
density of 3.1 g/cm^ for several powders, and an average weight loss on 
calcination of 36.8 ± 1.8% for 48 powders. A molecular formula of 
Y2(0H)g(N02)'lH20 is consistent with these results and was taken as the 
composition of the yttrium hydroxynitrate precipitates in the present 
work. 
Structure 
The actual crystal structure of the precipitate particles could not 
be determined, since there is a tendency for anion disorder to distort 
the lattice structure and for amorphous precipitates to be formed when 
such compounds are directly precipitated (37,40,69). However, an 
explanation of their crystal habit and their non-isotropic growth 
behavior can be inferred from work done by other investigators on the 
crystal structures of hydrothermally prepared trivalent lanthanide 
(including yttrium) and actinide hydroxides, hydroxynitrates, and 
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hydroxide halides (4,37,38,39,40,69,143). These compounds have the 
general formula, M(0H)3_jjZ^, where x varies from 0 to 1. 
Hydrothermally prepared (x=0) phases and their polymorphic 
anion substituted forms have lattices with monoclinic or higher symmetry 
(37,38,39,69,143). In addition, they are layered structures composed of 
alternating layers of hydroxide-coordinated metal ions, [M(0H)2]n*, and 
anions, These compounds form either needle-like or thin, 
platelet-shaped crystals. The rapidly growing faces are perpendicular to 
the planes of the layers (37,38,39,143). Thus, growth by addition of new 
layers is slower than growth at the edges of the layers. 
From the platelet morphology of the crystallites observed in this 
work, shown in Figure 19, it seems reasonable that the yttrium 
hydroxynitrate was a layered structure. The irregular shape of the 
platelets is similar to that found for Pr(0H)2N02 (monoclinic symmetry) 
(40), La(0H)2N03 (monoclinic symmetry) (37), and Yb2(0H)5N03*21120 
(orthorhombic symmetry) (37). The argument is further strengthened by 
the similarity of the thermal decomposition curves for the yttrium 
hydroxynitrate precipitates prepared in this study (Figure 19) to those 
of the lanthanide hydroxynitrates used by Haschke (37) for crystal 
structure determinations. The presence of structural water in the 
yttrium hydroxynitrate precipitates is also consistent with the work of 
Haschke (37), in which he found that water can be an active component in 
the yttrium and ytterbium systems. 
The degree of disorder in the layer structure increased with the pH 
at which it was formed, because more rapid crystal growth occurred. This 
increased disorder tended to decrease the preferential growth on the 
97 
edges as the surface and the edge structure became more similar. Thus, 
more equiaxed crystallites with less crystallinity were formed, as shown 
in the x-ray patterns in Figure 17 and in the crystallite diameter-to-
thickness ratio curves in Figure 18. 
The anomalous increase in the size and the anisotropy of the 
crystallites at a pH of 8.9 appears to be the result of a reduced growth 
rate on the circular faces (the layer surfaces), possibly by adsorption 
of a growth inhibiting species on these surfaces. This point is 
discussed later in the analysis of zeta-potential measurements made on 
suspension samples taken from the precipitator during the runs at 
different pH values. 
Up to this point, supersaturation and its influence on crystallite 
properties has been discussed in terms of pH variations. Supersaturation 
can also be varied by changing the residence time, T. In continuous 
crystallization, decreasing x at constant solids production rate forces 
an increase in the crystal growth rate in order to meet the material 
balance constraint, thus producing higher supersaturations (101). The 
higher supersaturation conditions generally cause smaller crystals to be 
formed. In this work, however, when the residence time in the 
precipitator was varied from 390 to 1560 seconds at a fixed RFMR (pH = 
9.0) the crystallite size was essentially unchanged. The x-ray powder 
diffraction patterns of the precipitates from these runs, shown in Figure 
21, are quite similar and the x-ray crystallite dimensions, summarized in 
Table 2, are equal within experimental error. The insensitivity of the 
crystallite size to residence time changes is related to particle 
agglomeration in the precipitator. When this occurs, the surfaces of 
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Figure 21. X-ray powder diffraction patterns showing the similarity in precipitate 
structure for the runs of varying residence times 
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many of the crystallites are no longer exposed to the mother liquor and 
cannot continue to grow. This effect is discussed more fully in the 
modeling results section. 
Besides changing the pH and the residence time, the supersaturation 
in the precipitator can be increased by adding excess nitrate ions. At 
constant pH, this decreases the solubility of the yttrium hydroxynitrate 
precipitate. Assuming there are no hydroxo or hydroxo-nitrate complexes 
formed, and that the precipitation reaction is 
+ O.5NO3 + 2.50H~ > Y(0H)2.5(^03)0.5 (74) 
The yttrium concentration may be expressed as 
" T STK 375 (75) 
[NO-] [OH-] 
When the pH is held constant ([OH"] = constant), an increase in the 
nitrate concentration causes the yttrium solubility to decrease. 
For runs 6. 11. and 12, which had a pH of 8.7 and nitrate-to-yttrium 
ratios of 3.09 to 12, the measured yttrium concentration in the filtrate 
varied from 1.32x10"^ to 7.2x10"^ M. This increase in supersaturation 
with increasing nitrate concentration should have caused the average 
crystallite size to decrease. However, the x-ray diffraction patterns 
(Figure 22) and the x-ray crystallite dimensions (summarized in 
Table 2) show that very little change occurred. In addition to affecting 
the precipitate solubility, the excess nitrate salt also influences the 
ionic environment of the particles. This in turn influences the 
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Figure 22. X-ray diffraction patterns showing the similarity in precipitate structure 
for the runs of varying nitrate-to-yttrium ratios 
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effective residence time of the crystallites and causes this apparent 
inconsistency. This result is also explained further in the modeling 
results section. 
Agglomerated Particles 
The variation in the morphology and the size of the crystallites, 
and in their ionic environment in the precipitator, influenced the 
structure and the size distribution of the agglomerated particles. The 
crystallites, which reached a maximum size of approximately O.lym 
agglomerated to form aggregates in the 0.1 to 1.0 ym size range and both 
crystallites and aggregates combined to form floes in the 1 to 30 ym size 
range. 
The floe particle shown in Figure 23a is about 10 ym in size and was 
formed at a low pH. This picture shows how the aggregates and the 
crystallites combine to form floes. The face-to-edge, or "cardhouse" 
structure is probably a result of charge differences between the edges 
and the faces of the crystallites. Similar cardhouse floes are common in 
clay systems where differences in face and edge charges have been 
demonstrated (129). The small aggregates tend to be rather spherical in 
shape and more tightly bonded. The platelet-shaped crystallites produce 
agglomerated particles of high porosity with small regions of 
crystallite-to-crystallite contact. 
When the precipitates are formed at higher pH, as shown in Figure 
23b and 23e, the crystallites are more equiaxed, the face-to-edge charge 
difference decreases, preferential face-to-edge interactions decrease, 
and the cardhouse nature of the floes disappears. The agglomerated 
Figure 23. SEM photomicrographs illustrating the presence of two 
types of agglomerates (aggregates and floes) in the yttrium 
hydroxynitrate precipitates, and the change in precipitate 
morphology with increasing pH [a - pH = 7.92 (run 5), 
b - pH = 8.68 (run 4), and c - pH = 9.08 (run 8)] 
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particles become increasingly dense and more tightly bonded. These 
changes in the agglomerates are especially evident in their volume 
distributions shown in Figure 24. The curves were generated by taking 
the polynomial expressions for the population density functions euid 
converting them to volume density distributions. The low pH precipitates 
were much more voluminous and contained larger floes. The floes from 
these runs were also weaker; they exhibited some break-up as a result of 
fluid shear during particle size distribution determination with the 
Coulter counter (see Appendix B; Figure Bl). The peak in the curve at 
the small size end represents the volume contribution of the aggregates. 
The ratio of precipitate volume, which includes the porosity of the 
agglomerated particles, to the volume of the solid mass in the 
precipitator, Cgp, is shown in Figure 25. The range in Cjp, from 1.8 to 
to 10.2, compares favorably with a range of 1.2 for floes of closely 
packed, monodispersed latex particles to 10.5 for cardhouse floes of 
platelet-shaped kaolin particles reported by Firth and Hunter (24). It 
should be noted that C^p does not show the "typical" discontinuity at a 
pH of 8=9 found for the x-ray crystallite size and the diameter-to-
thickness ratio shown in Figure 18. Apparently, the ionic environment 
and the surface properties of the crystallites were such that the 
cardhouse agglomerate structure was not favored. Thus, Cgp decreased 
continuously with increasing pH. 
From SEH photomicrographs, no discernible difference could be seen 
in the agglomerate structure for the runs in which the residence time was 
varied. The volume density distributions for these runs (Figure 26) 
shows that the floes became larger at longer residence times as expected. 
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precipitation pH (calculated from polynomial expressions for 
the population density functions) 
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The run with the longest residence time (1560 seconds), where the 
precipitate volume was 5.4 cm^/l, also produced the most voluminous 
floes. The precipitate volume was 3.1 cm^/1 for the runs with residence 
times of 390 and 780 seconds. Figure 26 also shows the volume 
distribution curves for runs 8 and 10, which were duplicate runs. The 
reproducibility of the data was very good. 
Increasing the nitrate-to-yttrium ratio in the precipitator produced 
the expected results. The increased ionic strength, which came from 
increasing the number of excess nitrate ions in the precipitator, 
produced denser floes; this can be seen from the density distribution 
curves in Figure 27. Since little difference was found in the x-ray 
crystallite size for the precipitates from these runs, the denser 
precipitates can be attributed to a loss of the cardhouse floe structure 
with increasing ionic strength. The precipitate volume varied from 
13.1 cm^/l for the run at the stoichiometric nitrate-to-yttrium ratio of 
3, to 4.9 cm^/1 and 5.0 cm^/1 for the runs with nitrate-to-yttrium ratios 
of 6 and 9, respectively. Although the precipitate volume for the two 
high ionic strength runs were very similar, the highest ionic strength 
run produced larger floes, as shown in Figure 27. 
Zeta-potential Measurements on Yttrium 
Hydroxynitrate Suspensions 
For oxide systems with no preferential ion adsorption, the zeta-
potential, as normally measured in systems with equilibrated particle 
surfaces, decreases to zero (PZC) and becomes negative as the pH is 
increased. However, since the particles in the precipitator were growing 
by solute deposition during the precipitation, the particle surfaces were 
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in a state of growth. Ions were diffusing through the double-layer and 
becoming incorporated into the solid surfaces. The zeta-potential of a 
material is known to be affected by both its surface structure and its 
surrounding ionic environment. Therefore, the value should be different 
when crystal growth is taking place. Although little literature exists 
on this phenomenon, it has been shown recently that surface reactions 
influenced the zeta-potential of zinc sulphide particles in aqueous 
suspension (141). 
If the observed discontinuity in the crystallite size at a pH of 8.9 
is a result of the adsorption of ions which inhibited growth, there 
should be evidence of it in zeta-potential data taken on samples removed 
directly from the precipitator and immediately analyzed. Figure 28 shows 
such measurements for runs made at different pH levels. The expected 
positive potentials were found at low pH, but they increased with 
increasing pH, reaching a maximum value when the pH was 8.95 - the same 
point at which the anomaly in the crystallite dimensions occurred. One 
would have expected the curve to show a steady decrease with increasing 
pH. The increase may have occurred because of adsorption of a positive 
species which inhibited crystal growth on the large faces of the 
crystallites. Curves similar to the one in Figure 28 have been found in 
systems where polyvalent foreign cations, which had been intentionally 
added, were preferentially adsorbed on the surfaces of oxides (52). It 
seems not unreasonable that similar effects could be caused by an ionic 
species formed in the precipitator. 
A series of studies using aqueous suspensions of the yttrium 
hydroxynitrate particles from run 5 (pH = 7.92) were carried out in an 
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attempt to discover the origin of these unusual zeta-potential 
measurements. 
Potential determining ions 
A stock suspension of yttrium hydroxynitrate particles (0.05 g/1) 
from run 5 was prepared using distilled, deionized water with a specific 
conductance less than 2 uohm~^cm~^. It was aged overnight in acid-washed 
polyethylene bottles and stored under nitrogen to prevent the absorption 
of carbon dioxide from the atmosphere. 
The preferential surface adsorption of different ionic species was 
examined by varying the ionic strength of samples of the stock suspension 
with an indifferent electrolyte (NaCl), an ammonium containing salt 
(NH^Cl), and a salt containing nitrate ions (NaNOg). Except for the 
NH^Cl, the addition of these electrolytes produced only minor déviations 
from the pH of the stock suspension, which was 7.25. Figure 29 shows the 
effect of the concentration of each of these salts on the zeta-potential. 
For NaCl, increasing the concentrations gave the expected decrease in the 
zeta-potential which results from compression of the diffuse electrical 
double-layer by indifferent ions. The same decrease is seen with 
increasing amounts of NH^Cl, up to a concentration 10"^ M. Beyond this 
point the increase in the zeta-potential is merely the result of the 
presence of sufficient ammonium ion to decrease the pH of the suspension. 
At an NH^Cl concentration of 10~^ M, the yttrium hydroxynitrate particles 
were completely dissolved. 
The addition of NaNOg produced a different result. Nitrate is 
incorporated into the structure of the precipitate, and thus can be a 
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potential determining ion. For nitrate concentrations up to 10"^ M, it 
does appear that the nitrate ions were preferentially adsorbed, since the 
zeta-potential is lower than when an equivalent amount of NaCl was used. 
Adsorption of the negative nitrate species decreased the surface 
potential and this effect, when combined with double-layer compression 
due to increasing ionic strength, produced the lower zeta-potentials. 
However, from 10"^ M to 10"^ M nitrate, there is a sharp increase in 
the zeta-potential. This can be explained by the formation of a 
preferentially-adsorbed positive yttrium-nitrate-hydroxide species. At 
nitrate concentrations above 10"^ M, the continuing compression of the 
double-layer caused the zeta-potential to decrease once again, although 
the zeta-potential values were still substantially higher than those 
which would be obtained by simple extrapolation of the initial portion of 
the NeiNOg curve in Figure 29. 
To investigate further the influence of nitrate ions.on the zeta-
potential, the pH of yttrium hydroxynitrate suspensions containing 10"^ M 
NaNOg was varied by adding sodium hydroxide. These suspensions were 
stored under nitrogen overnight to equilibrate the surfaces of the 
particles. Their zeta-potentials, plotted in Figure 30, show the 
expected decrease with increasing pH. Although the iso-electric point 
(lEP) was not reached, its value, obtained by extrapolation of the curve, 
is above a pH of 10.5. This result, although in agreement with the value 
of 11.6 found by Akinc and Rasmussen (1), is abnormally high for typical 
oxide-hydrous oxide systems and could have been caused by adsorption of a 
positive nitrate-containing species. 
Because the precipitator was exposed to the atmosphere during the 
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continuous precipitation runs, the effect of exposing the pH adjusted 
stock suspensions to atmospheric CO2 was also studied. The pH decreased 
in normal fashion according to the reactions (122) 
COg + HgO > HCO3 + pH < 9.3 
I I 9.3 < pH < 11 
COg + HgO > COgZ + 2H^ pH > 11 
However, the zeta-potential showed an unexpected decrease, indicating 
that the negative bicarbonate, or a negative carbonate-containing species 
was adsorbed on the particle surfaces. A normal result would have been 
an increase in the zeta-potential as the pH was decreased. The 
adsorption of a carbonate-containing species is feasible; yttrium 
hydroxycarbonates are known to exist (3). However, because the zeta-
potential of the exposed samples decreased, CO2 adsorption could not have 
caused the anomalous zeta-potential measurements observed in the 
precipitator. 
Effect of crystal growth 
In an attempt to produce the anomalous zeta-potential results, the 
crystal growth environment of the continuous precipitator was simulated 
by subjecting stock suspensions containing 10"^ M NaNOg (pH = 7.2) to 
step changes in pH by the rapid addition of small volumes of NaOH 
solutions. The resulting sudden increase in pH created a state of 
supersaturation which was relieved by crystal growth on the surfaces of 
the suspended particles. The pH and the zeta-potential of these 
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suspensions as a function of time after NaOH addition are shown in 
Figure 31. 
In Figure 31a, the gradual decrease in pH up to 40 to 50 minutes 
shows how the pH varied with time for several suspensions in which the 
magnitude of the step change was varied. The decrease is a result of the 
depletion of hydroxyl ions as they were incorporated into the structure 
of the growing hydroxynitrate particles. Where there is a gap in the pH 
curves in Figure 31a, a sample was removed and the zeta-potential 
determined. Figure 31b shows the pH versus zeta-potential results. The 
letters in Figures 31a and 31b refer to the same suspensions. The 
numbers on the curves in Figure 31b indicate increasing time. The 
transient zeta-potential values generally went through a maximum with 
time as the supersaturation was relieved by crystal growth. At long 
times, they approached a value on the curve of the zeta-potential versus 
pH measured for static conditions where no crystal growth was taking 
place. 
These transient experiments showed that the zeta-potential of a 
yttrium hydroxynitrate suspension is greater when growth is taking place 
on the surfaces of the particles. The peaks in the transient curves 
increase as the pH of the suspension increases and exhibit a maximum at a 
pH very near where the maximum in the zeta-potential was found for the 
continuous precipitation runs. 
The experiments on the effect of the nitrate ions support the 
hypothesis that a positive yttrium-nitrate-hydroxide species was formed, 
which was adsorbed on the surfaces of the particles and generally 
increased the value of the zeta-potential. The particles used for 
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the zeta-potential measurements were agglomerates of crystallites, and 
the measured zeta-potential was a function of which crystallite surfaces 
were exposed - predominantly the large faces. Therefore, the measured 
zeta-potential gave information mainly about these faces. The zeta-
potential peak found at a pH of 8.95, where growth of the platelet faces 
seems to have been inhibited, was probably a result of the adsorption of 
a transient positive nitrate containing species, since the highly 
positive potentials were only found when growth was taking place. 
Precipitation Kinetics 
For each precipitation run, the constants in the three-particle 
model of the precipitation process were determined from the experimental 
population density distribution data. The calculations are outlined in 
detail in Appendix C. Briefly, the process began by finding a least-
squares polynomial fit to the data. The total specific surface area of 
the precipitate, obtained as the second moment of this polynomial 
equation, was then used in the overall material balance on the 
precipitator to find an initial estimate of the crystal growth rate, G^. 
With this value of G^, first estimates of the parameters in the 
analytical equations for the floes, the aggregates, and the crystallites 
were found from a least-squares fit of these equations to their 
respective portions of the particle density distribution data. 
An interation procedure was used to refine the calculations. Using 
the initial parameter estimates for the analytical equations, a new 
estimate of the total surface area was calculated as the sum of the 
second moments of these equations. The new value of the total surface 
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area vas used to find a better estimate of G^, after which new estimates 
of the parameters in the analytical equations were found. The interation 
process was continued until there was no substantial improvement in the 
value of Gg. Figure 32 shows the results of the fitting procedure for 
run 1. The dotted lines represent the density distributions of each of 
the three different types of particles; the solid line is the sum of the 
three, or the total distribution. 
The numerical values for the parameters in the analytical particle 
density distribution functions for each run were then used to find the 
kinetic rate constants, and the particle density distribution equations 
were used to calculate important properties of the precipitate. A 
summary of the information obtained for run 1 is given in Table 3. The 
kinetic rate constants and the precipitate properties calculated for all 
of the continuous precipitation runs are tabulated in Appendix C. 
The kinetic behavior of the system and the properties of the 
precipitates were analyzed in terms of the information calculated from 
the model equations. Where possible, the results of these calculations 
were compared with independent experimental data to assess the 
credibility of the model. 
Crystal growth and nucleation 
Crystal growth rates were calculated from equation 61, using the 
second moments of the particle density distributions to obtain the 
surface area available for solute deposition. Since a large portion of 
this surface area was contributed by the agglomerated particles, it was 
not possible to determine which crystal faces were exposed and growing. 
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Table 3. Summary of kinetic rate constants and precipitate properties 
calculated using the results of the model fit to the 
experimental population density distribution data of run 1 
Polynomial fit to total density distribution data: 
n^(L)^ 2= lo(G'7245-0.51939L)+ J^Q(7.1975-0.11049L-0.0012119L^) 
Particle density distribution functions: 
n^(L) = 9.830x10^^ ^ -26.791 (eq. C7) 
n^(L) = 4.333x10^^(1.959L + i)-8'498 (eq. C3) 
ng(L) = 2.637xlO*(1.857L + i)-2-384 ^ -(L^-0.8078L^+0.8702L) ci) 
Precipitate characteristics: 
Number®' Surface Area'' Volume^ Ave. Size^ 
(% of total) (% of total) (% of total) (urn) 
Crystallites 97.83 9.22 0.03 0.0124 
Aeereeates 2.11 17.44 1.08 0.102 
PÏôcs" 0.06 73.34 98.89 0.996 
Total 1.041xl0^^cm~^ 7.732xlO^Mm^cm~^ 7.099 cm^l"^ 
^Calculated from zeroeth moment of the population density functions. 
^Calculated from second moment of the population density functions. 
^Calculated from third moment of the population density functions. 
^Number average diameter (equation 55). 
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Table 3. (continued) 
Kinetic parameters: 
Crystallites: 
Crystal growth rate, = 4.467>d0~^ yra sec~^ (eq. 61) 
Loss to agglomeration rate constant, = 3.820x10"^ sec~^ 
Average minimum size, Cc,min= O'OOlO V®® 
Nuclei population density, n® = 8.990x10^^ cm~^ 
Aggregates: 
Collisional growth rate constant, Kg= 8.750x10"*  sec~^ 
Loss to agglomeration rate constant, k^= 5.280x10"^ sec"^ 
Average minimum size, I^a,min= 0*0203 jim (eq. 41) 
Nuclei population density, n°= 3.108x10^^ cm~^ 
Floes: 
Collisional growth rate constant, Kg= 8.295x10"* sec"! 
Breakage rate constant, k^= 5.739x10"^ sec~!ijm~^ 
Average minimum size, %f,min= 0.129 ym (eq. 50) 
Nuclei population density, ng = 1.273x10^ cm"^ 
Other calculated parameters: 
Crystal nucleation rate, B^= 4.040x10^0 cmT^sec"! 
Crystallite effective residence time, Tg= 25.3 sec (eq. 32) 
Precipitate volume-to-mass ratio, CgpZ 4.85^ 
®Assumed to be 0.001 ym for all runs. 
^Cfp=VT/(1.465 cm3l-l). 
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Therefore, the characteristic diameter of the crystallite particles was 
taken to be the platelet diameter and the calculated growth rate, G^, was 
assumed to be the linear growth of this dimension. For these 
assumptions, the average crystallite dimension is equal to plus the 
diameter of the critical nucleus, ^ c,min' (assumed to be 10 Â for all 
runs). The average crystallite thickness is then this quantity divided 
by the diameter-to-thickness ratio, or (G^tg + ^ ^c,min^* 
These average dimensions and also the independently determined x-ray 
crystallite size, are plotted in Figure 33 for the runs in which the pH 
was varied. The calculated diameters and thicknesses bracket the x-ray 
values. This result, along with the reasonable crystallite nucleation 
and growth kinetics found, makes the assumption that the agglomerated 
particles experienced growth only on their exterior surfaces seem quite 
credible. 
Normally, the crystal growth rate, G^, is directly proportional to 
the supersaturation raised to some power (equation 13). Since the level 
of supersaturation for the yttrium hydroxynitrate system increases with 
pH (Figure 16), higher crystal growth rates would be expected with 
increasing pH. This result was indeed found, and is shown in Figure 34. 
The discontinuity in the curve occurs at the same pH (8.9) as the 
anomalous zeta-potential peak in Figure 28, and the discontinuities in 
the x-ray crystallite dimensions in Figure 18. Values for G^. ranged from 
about 0.0002 to 0.001 pm sec~^. Growth rates in published work on 
crystallization systems are much higher. With few exceptions, they fall 
in the range 0.01 to 0.1 ym sec~^ and are remarkably insensitive to the 
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particular system studied. Precipitation tends to produce lower growth 
rates. Reported values range from about 0.0002 to 2.0 ym sec~^ (31), in 
the few studies which have been published. 
The three runs made below a pH of 8.9 had the lowest levels of 
supersaturation and their calculated kinetic parameters conformed to 
"normal" crystal growth and nucleation kinetics. The log of the 
experimental crystallite population density distribution is plotted 
versus particle diameter for each run in Figure 35. Also plotted is the 
model fit to each distribution, as given by equation 31. Figure 35 shows 
that the slopes, -G^Tg, of the predicted distributions became 
progressively more negative, and the y-intercepts (n° for Cg,minr 0) 
increased as the pH was raised from 7.9 to 8.8. Similar results are 
found in continuous crystallizers when the supersaturation level is 
increased by decreasing the residence time (101). 
The log-log relationship between the crystallite nucleation rate and 
the crystal growth rate, shown in Figure 36, was also in agreement with 
the normal crystal nucleation kinetics described by equation 68 for 
constant suspension density, For these three runs, the nucleation 
equation is, 
B = cf'l (76) 
c c 
The results of ¥ey et al. (139) for the precipitation of silver bromide 
are also shown in Figure 36. This is the only set of rate data that 
could be found in the literature for a substance with approximately the 
same solubility. The results compare very favorably. The kinetic order 
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of nucleation was 5.1 for yttrium hydroxynitrate and 4.0 for silver 
bromide. Except for a discontinuity at a pH of 8.9, normal crystal 
growth and nucleation kinetics continued up to a pH of 9.08. 
The crystal nucleation rates and crystal growth rates for all the 
runs in which pH was the only variable are plotted in Figure 37. They 
are numbered in order of increasing pH. The decrease in the nucleation 
and growth rates resulting from the change in the growth kinetics at a pH 
of 8.9 is clearly evident. The slope of the line connecting points 4 and 
5 is the same as that for the line through the points for the low pH 
runs. The nucleation rate equation for this pH range is 
B = lO^G-O (77) 
c c 
Beyond a pH of 9.08, the calculated growth rate continued to 
increase, but the apparent nucleation rate decreased. It was also at 
this point that a rapid decrease in the structural order of the 
precipitate was found by x-ray diffraction (Figure 17). 
The reason for the loss in crystallinity and the decrease in the 
nucleation rate at high pH is related to the high supersaturation. As 
supersaturation increases, equation 7 predicts that the size of a 
critical nucleus should become smaller; Walton (134) and Fiiredi-Milhofer 
and Walton (27) have suggested that at very high supersaturations it may 
be even smaller than the unit cell of the crystal. In this case, 
particle growth by solute deposition may actually be considered an 
aggregation process, the growth units being of the same order of 
magnitude as the critical nuclei. This type of growth 
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results in precipitates of low crystalline order, since the growth units 
are incorporated into the growing surfaces with little preferential 
orientation (27,134). The existence of such a mechanism of growth is 
supported by work done on the growth of amorphous calcium phosphate 
particles (28) and cadium sulphide particles (100). 
At pH levels greater than about 9.10, it is possible that the 
supersaturation increased to the point where this type of aggregational 
growth became the dominant mechanism in the yttrium hydroxynitrate 
system. It would explain the low structural order of the crystallites 
and also the decrease in the nucleation rate; many of the nuclei formed 
would have been consumed in crystal growth. 
Residence time The crystallite size distribution is a function 
of the product of the crystal growth rate and the residence time 
distribution of the crystallites in the precipitator. For those runs in 
which only the pH was varied, the superficial residence time, V/Q, was 
780 seconds. However, agglomeration in the precipitator removed many of 
the crystallites from contact with the mother liquor before they left in 
the product stream. The fraction of the crystallites lost to 
agglomeration, calculated using the product of the crystallite loss-to-
agglomeration rate constant, k^, times the superficial residence time, T, 
is given in Table 4. The effective residence times, T^, of the 
crystallites, calculated from equation 32, and plotted in Figure 38 for 
the runs of varying pH, ranged from 163 seconds at low pH to only 11 
seconds at high pH. 
Also plotted in Figure 38 is the crystallite diameter-to-thickness 
ratio, dj,/t^,. The strong correlation between Tg and d^/t^, shows that 
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Table 4. Summary of crystallite residence time parameters 
Run pH N03-:Y3+ T V k„Tr Crystallites lost^ G^xlO* 
to agglomeration 
(sec) (sec) (%) (uni sec'l) 
5 7.92 3.09 780 163. 3,80 79.2 2.173 
4 8.68 3.09 780 46.5 16.1 94.1 3.900 
1 8.80 3.09 780 25.3 29.8 96.7 4.490 
3 8.95 3.09 780 157. 3.97 79.9 1.946 
8 9.08 3.09 780 35.4 21.0 95.4 4.074 
2 9.21 3.09 780 26.3 28.6 96.6 6.640 
6 9.49 3.09 780 11.0 69.7 98.6 12.17 
7 8.99 3.09 390 13.2 28.6 96.6 10.97 
8 9.08 3.09 780 35.4 21.0 95.4 4.074 
9 8.98 3.09 1560 73.4 20.3 95.3 2.234 
4 8.68 3.09 780 46.5 16.1 94.1 3.900 
11 8.70 6.00 780 29.6 25.4 96.2 7.308 
12 8.60 9.00 780 20.4 37.2 97.4 8.850 
^Equation 32. 
^Number of crystallites lost to agglomeration divided by the number 
which flow from the reactor. 
%T/(kj,T+l)-100. 
the crystallite gscmstry influenced the effective residence time of the 
crystallites. The more equiaxed particles formed at high pH likely gave 
rise to a higher collision rate and/or a higher collision efficiency. 
There is a greater contact area per unit mass when these particles 
collide and stronger bonds are formed. For the platelet-like 
crystallites formed at low pH, face-edge contact is preferred; there is 
little contact area per unit of crystallite mass and weak bonds are 
produced. The low contact area also promotes shear-induced contact 
breakage. The discontinuity in TQ also can be explained this way, since 
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the measured diameter-to-thickness ratio of the crystallites has a 
corresponding discontinuity at the same point. 
Superficial residence time When the superficial residence time, 
T, was varied from 390 to 1560 seconds (runs 7, 8, and 9), the crystal 
growth rate decreased from 11.0x10"^ to 2.23x10"* ym sec~^. On the other 
hand, the effective residence time of the crystallites, or the time their 
surfaces were exposed to the mother liquor, increased from 13.2 to 73.4 
seconds. These two opposing phenomena combined to produce a constant 
crystallite size, as shown in Figure 39. 
For systems with constant-mass production rate, as was the case in 
this work, the supersaturation level in the precipitator is determined by 
the equilibrium concentration of the solute ion and by the surface area 
available for solute deposition. Agglomeration processes reduce the 
available surface area, and therefore increase the level of 
supersaturation. Varying the superficial residence time may or may not 
influence the supersaturation level, depending on how the precipitate 
surface area is affected. 
Nitrate-to-yttrium ratio Supersaturation in the precipitator is 
also increased when excess nitrate ions are added and the pH is held 
constant. In addition, the ionic strength of the solution increases, 
causing a compression of the electrical double-layer around the particles 
and a corresponding reduction in the zeta-potential. For runs 4, 11, and 
12, the NOg":?^* ratio was increased from 3.09, the stoichiometric value, 
to 9.0. The percentage of crystallites lost to agglomeration (Table 4) 
increased and the effective residence time decreased, as expected from 
the compression of the double-layer. However, the increase in 
136 
200 
^ 150 
g 
î7> 
Z 
lU g 100 
a 
^ 50 
H-
CO 
> 
œ. 
U 
1 1 1 i 1 1 1 1 
pHave=9.02 
NOf Y^*-3.09 # ^ model 
w-
*^24=29.1 
- -0— 
^ ^26=19.8 
• 'model — 
• • 
1 1 1 i 1 1 1 1 
Figure 39. 
200 800 1400 2000 
T (sec) 
Insensitivity of the predicted average crystallite diameters 
and thicknesses to changes in residence time, T (x-ray 
average dimensions are also plotted) 
400 
bO 
à 200 
a 
< 100 
«/> 
> 
ee 
U 
1 i 1 1 1 
pHave = 8.66 model 
T =780 sec 'model 
—0— 
*^24=29.1 
(^26=19.8 
« 
• • 
0 
0 0 
Î HQ - _-D 
# • . 
1 1 1 1 • 
8 10 
Figure 40. 
2 4 6 
NO3Y 
Insensitivity of the predicted average crystallite diameters 
and thicknesses to changes in the nitrate-to-yttrium ratio 
(x-ray average dimensions are also plotted) 
137 
supersaturation caused the crystal growth rate to increase. Because of 
the inverse relation between Xg and the average crystallite size was 
insensitive to changes in the nitrate ion concentration as shown in 
Figure 40. 
Figure 41 shows the log-log relationship between the crystal growth 
rate and nucleation rate for these runs. The crystal growth rate 
increased from 3.90x10"^ to 8.85x10"^ wm sec~^. The nucleation rate, 
however, decreased from 14.8x10^ to 2.8x10^ cra~^sec~^ as the 
ratio was varied from 3.09 to 6. The decrease in the nucleation rate, 
despite the increase in the supersaturation level, is probably a result 
of increased formation of various yttrium-hydroxo-nitrate species. These 
species provide a sink for yttrium ions which would normally go into the 
formation of crystallite nuclei. A further increase in the nitrate-to-
yttrium ratio from 6 to 9 caused the nucleation rate to increase from 
2.8x10^ to 5.4x10^ cm~^sec~^. The additional nitrate ions either did not 
continue to affect the crystal nucleation process, or the effect of 
increasing supersaturation simply became dominant. It is interesting 
that the increase in with G„ was similar to that obtained when 
supersaturation was increased by changing the pH, as shown in Figure 37. 
Agglomerated particles 
The rate at which agglomerated particles (aggregates and floes) 
grow, and their resulting structural properties, is a function of many 
interacting processes. They may increase in size by collisional growth 
with smaller particles and also by solute deposition on their surfaces 
(crystal growth). Collisional growth is a function of both the number of 
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collisions and the collision efficiency, or the fraction of collisions 
that lead to a permanent particle-particle bond. 
In the kinetic model, the collisional growth process is 
characterized by the magnitude of the collisional growth rate constants 
for the aggregates, K^, and for the floes, Kf. The values of these 
constants for runs where pH was varied are plotted in Figure 42. For the 
aggregates, the volumetric growth rate by collision with crystallites 
increased with pH, as shown by the increase in Kg^, up to a pH of 8.9. A 
discontinuity again occurred at this pH as suddenly decreased, after 
which it continued to increase again at higher pH values. Comparison of 
the trend in to that of the crystallite diameter-to-thickness ratio 
(Figure 42) shows an inverse relationship. The reason for this 
relationship is the same as that given for the dependence of the 
crystallite effective residence time on d^/t^,. More equiaxed 
crystallites should have higher aggregate-crystallite collision 
efficiencies, resulting in increased aggregate collisional growth rates, 
thus the inverse relationship between and d^/tg. 
To interpret this trend in further, and to see if it was 
reasonable, was used to calculate the ratio of the theoretical 
collision frequency of aggregates with average size crystallites to that 
predicted by the model. This ratio, which is equal to an average 
stability factor, (equation 25) divided by the collision efficiency 
factor, 0^, is found by combining equations 36, 37, and 38, 
B (L,L^) ^ 
Bg(L,L^) " "a 
a,theo 1 (78) 
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If the theoretical collision frequency does in fact describe the 
collision process, the ratio of collision frequencies should approach a 
lower limit of one when there is no electrostatic repulsion = 1) and 
all collisions result in the formation of permanent particle-particle 
bonds (o^ = 1). Calculated values of for all the runs are given in 
Table 5. 
Figure 43 shows that varied with pH in the same way as did the 
crystallite diameter-to-thickness ratio and the effective residence time 
of the crystallites (Figure 38). This result again shows that 
crystallite morphology appears to have had a major effect on the 
collisional growth of aggregates. 
for the high pH run is 0.018 - well below the expected lower 
limit of one. To see if this could have been the result of assuming a 
turbulent rather than a Brownian crystallite-aggregate interaction 
mechanism, the ratio of the theoretical Brownian-to-turbulent collision 
frequency factors, 
fbCdi'dz) W" l/d2)(di+ dg) 
Bj.(dj_,d2) iiiLv_(d,+ d.)3 
(79) 
r Vg(dl+ ^2> 
was calculated. For the conditions under which the precipitation runs 
were made (Vg= 
equation 79 is 
Pg(di,d2) 1.73x10"^ 
830 sec T = 298 °K, and y = 0.009 g cm ^sec~^). 
6j,(dj,d2) d^d2(dj^+ dg) (80) 
Table 6 contains calculated using several diameter 
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Table 5. The ratio of the stability factor to the collision efficiency 
factor for aggregates and floes 
Run pH T N03-:Y3+ Wa/%* 
(sec) 
5 7.92 780 3.09 31.2 . 5.82 
4 8.68 780 3.09 26.5 2.49 
1 8.80 780 3.09 1.41 5.13 
3 8.95 780 3.09 3.50 41.9 
8 9.08 780 3.09 1.56 25.8 
2 9.21 780 3.09 0.324 21.2 
6 9.49 780 3.09 0.018 6.35 
7 8.99 390 3.09 0.105 11.3 
8 9.08 780 3.09 1.56 25.8 
9 8.99 1560 3.09 3.34 35.6 
4 8.68 780 3.09 26.5 2.49 
11 8.70 780 6.00 0.079 22.6 
12 8.60 780 9.00 0.080 3.61 
^Equation 78. 
^Equation 81. 
combinations for the crystallites and the aggregates. For an average 
size crystallite (0.015 ym), and an average size aggregate (0.1 ym), the 
value of is 670, For these typical particle sizes the ratio is 
well above 1, and theory predicts that Brovnian interactions should 
dominate. For a 0.1 ym crystallite, approximately the upper size limit 
found experimentally, and a large aggregate (1 ym), gg/gj, is 0.16 ym. 
Thus, for the larger particles, turbulent interactions should be most 
important. These calculations indicate that crystallite-aggregate 
collisions were probably a result of a combination of both mechanisms. 
If Brovnian interactions alone are assumed in the model, the 
aggregate collisional growth rate, Gg^, is K^/L. When this relation for 
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Table 6. Ratio of the Brovnian to turbulent collision frequency factors 
for spherical particles of various dimensions 
Diameter (ym) 
Ver* 
Crystallite Aggregate Floe 
0.015 0.1 - 670 
0.020 0.2 - 20 
0.100 1.0 - 0.16 
0.015 - 2.0 0.39 
0.1 2.0 0.04 
^Equation 80. 
Gg was used, and attempts were made to fit the steady-state aggregate 
balance to the experimental aggregate distribution data, decidedly worse 
fits were obtained than when turbulent interactions, for which 
= K^L, were assumed. Therefore, the turbulent based was used in 
the model. No' attempt was made to include both mechanisms. 
The assumption of spherical particles in equation 80, a poor 
assumption for the platelet-shaped crystallites studied in this work, and 
the use of a number-average crystallite size in the derivation of the 
aggregate growth expressions, could also have contributed to the lack of 
agreement between theory and experiment. 
Agreement with the theory for collisional growth of the floes was 
much better. The collisional growth rate constants for floes, Kg, also 
plotted in Figure 42, decreased with increasing pH. The cardhouse floes 
formed at low pH have the highest collisional growth rate. From Table 6, 
for an average size floe (2 pm) interacting with either a crystallite 
(0.015 ym) or an average size aggregate (0.1 ym), is significantly 
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less than 1, indicating that a turbulent mechanism should be dominant. 
SEM photomicrographs also showed that the aggregates and the floes tended 
to be quite spherical, as assumed in the theoretical calculations. Thus, 
the assumption that floe growth was a result of turbulent-induced 
collisions should have been valid. 
The ratio of the theoretical collision frequency of floes with 
average size crystallites and average size aggregates is 
Calculated values of Wg/ot^, summarized in Table 5, varied from 41.9 to 
2.49; all were above the theoretical minimum value of one. 
For the floes, Fg/ocg, changed with pH (Figure 44) in a much 
different fashion than the crystallite diameter-to-thickness ratio 
(Figure 38). It varied in the same way as the zeta-potential data, which 
are also plotted in Figure 44, implying that collisional growth of the 
floes was influenced more by electrostatic effects than by crystallite 
morphology. 
To examine the electrostatic effects further, the expression for the 
collision frequency factor, predicted by the kinetic model. 
was calculated and compared to the theoretical values, g'(d2,d2), from 
equation 24. Figure 45 shows both factors for 0.1 ym aggregates (d^) 
colliding with floes of various sizes (dgj. The theoretical curves O') 
(81) 
(82) 
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were calculated for the experimental conditions in the precipitator 
(Vg = 850 sec"l, I = 0.075 M, 1:1 electrolyte), a Hamaker constant of 
3x10"^® J, and Stern potentials (zeta-potentials) ranging from 0 to 
70 mV. For the expression derived from the model (^), conditions for 
run 5 (zeta-potential = 46 mV) and run 3 (zeta-potential = 76 mV) were 
used. 
The predicted collision frequency factors calculated from the model 
equation were much larger than expected, considering the magnitude of the 
experimental zeta-potential measurements. The much lower theoretical 
collision frequency factors, g', at zeta-potentials comparable to the 
experimental values for which ^ was calculated, are a result of the 
rapid increase in the stability factor W(d]^,d2) with zeta-potential, 
since $'(dj,d2) « 1/W(dj^,d2). For 0.1 um spheres (aggregates) 
interacting with spheres of 1 ym and larger (floes), the theoretical 
stability factor is on the order of 10^ to 10^ for zeta-potentials of 45 
to 50 mV. If a collision efficiency of one is assumed (ocg = 1), the 
stability factors calculated from the model (Table 5) ranged only from 
about 2 to 40 for zeta-potentials of 20 to 76 mV. 
Previously, it was shown that there was a strong correlation between 
the value of predicted by the model, and the zeta-potential (Figure 
44). Yet for the magnitude of the experimentally measured zeta-
potentials, the collision frequency factor analysis showed that TTg/ocg was 
several orders of magnitude too small when compared with theoretical 
values. This apparent discrepancy can be explained in the following way. 
The theoretical collision frequency factors are based on the interaction 
of solid spheres. The agglomerated particles, however, are porous and 
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have irregular surfaces caused by protruding crystallites. Because of 
this irregular surface topology, it does not seem unreasonable to assume 
that the electrostatic interactions for the floes should be determined on 
the basis of two protruding crystallites. Using crystallite spherical 
diameters of 0.01 wm, the conditions stated previously, and a zeta-
potential of 70 mV, a theoretical stability factor of 66 was calculated. 
This value compares quite favorably to the of 41.9 of run 3, which 
had a zeta-potential of 76 mV. Although a number of assumptions were 
made in this analysis, the use of the electrostatic interactions of the 
crystallites on the surface of the colliding floes and aggregates seems 
consistent with the DLVO theory. 
The type of growth - solute deposition or collisional growth - that 
dominates for a given agglomerated particle type will greatly influence 
its physical characteristics. For example, when highly porous cardhouse 
type agglomerates are favored, as in the low pH runs, the low 
crystallite-crystallite contact area causes little particle "welding" 
when solute deposition takes place. On the other hand, for the high pH 
runs, the preferred crystal habit is such that dense agglomerates are 
formed with large amounts of crystallite-crystallite contact. In this 
case, additional growth by solute deposition will cause significant 
particle welding. 
These effects also influence the strength of the floes, and this is 
reflected in the magnitude of the floe breakage rate constant, kg, 
plotted as a function of pH in Figure 46. The weaker floes (large kg) 
are those composed of less equiaxed primary particles, as can be seen 
from the similar variation of the crystallite diameter-to-thickness ratio 
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with pH (Figure 38). 
Superficial residence time As expected, larger floes formed with 
increasing residence times as shown in Figure 26. However, as the 
residence time increased from 390 to 1560 seconds, the floe collisional 
growth rate constant, Kg, decreased from 12.4x10"^ to 5.5x10"*. A 
possible reason for this trend is a decrease in collision efficiency with 
increasing residence time. Tomi and Bagster (126) have estimated that 
the level of turbulence in the impeller zone ( -10% of the total volume) 
of a stirred tank reactor can be on the order of 5 times greater than the 
average bulk level, and on the order of 50 times greater in the impeller 
tip zone (- 0.5% of the reactor volume). As the residence time was 
increased, there was a higher probability that more agglomerated 
particles experienced these regions of higher shear. Collisions that 
would have been permanent under the bulk shear conditions were 
ineffective when they encountered these high-shear zones. 
A further reason for the decrease in can be seen in the plot of 
Wj/otj in Figure 47. For the runs where the residence time was varied, 
the ionic environment of the precipitates, the hydrodynamic conditions, 
and the crystal growth mechanisms were the same. Vf can be assumed 
constant, since the zeta-potentials for these runs was constant. Thus, 
the increase in ITg/ocg shows that the collision efficiency, otf, decreased 
with T. 
The floes that survive at longer residence times should be stronger, 
since the weak ones would have a higher probability of being destroyed by 
the high shear field in the impeller region. The decrease in the floe 
breakage parameter, with increasing residence time (Figure 48) 
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reflects this increase in floe strength. 
Nitrate-to-yttrium ratio The floe eollisional growth rate 
constant, Kg, decreased from 5.8x10"^ to l.lxlO"^ sec~^ as the 
ratio increased from 3 to 6. It then increased to 5.0x10"^ sec"^ at a 
ratio of 9. The pronounced minimum in the floe eollisional 
growth rate constant is difficult to explain. It is a result of a 
decreased collision efficiency, which is shown by the maximum in the 
Fg/otg curve of Figure 49. The zeta-potentials for these runs are also 
plotted. The expected proportionality between the zeta-potential and 
y^/of, which was found when the pH was varied (Figure 44), is absent. If 
a change in the electrostatic interactions among the particles, as 
indicated by the drop in the zeta-potential, strongly influenced the 
particle collision frequencies, Vg/ocg should have been greatest at the 
lowest NOj'rY^"'' ratio and should have steadily decreased with increasing 
nitrate concentration. It is possible that when the nitrate-to-yttrium 
ratio reached a value of six, a change which reduced the collision 
efficiency occurred at the particle surfaces. 
This anomaly i$ also seen in the floe breakage rate constant in 
Figure 50. The minimum in kg indicates that the floes formed for this 
run were stronger than for the other two runs. The weakest floes were 
formed at the stoichiometric nitrate concentration - a result of the 
cardhouse-like floe structure which formed under these run conditions. 
This is confirmed by the high Cjp of 8.51 for this run as compared to the 
much lower values of 3.44 and 3.55 for the runs with ratios of 6 
and 9, respectively. 
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Assumption of total floe break-up 
One of the important assumptions made in deriving the precipitation 
model was that when floe breakage occurred, the floes broke down 
completely into aggregates, and that all of the daughter particles 
appeared in the aggregate balance. To test this assumption, other modes 
of breakage were studied. The assumption was made that the floes broke 
down into different numbers of equal-sized floe fragments. In this case, 
daughter particles all remained in the floe balance. Equation 48, which 
describes this process, was solved numerically by a method similar to 
that used by Glatz (32). For a given number of floe fragments, initial 
guesses for and kg were made and a boundary condition for ng(L) was 
chosen close to zero at a large floe size. A backward fourth-order 
Runge-Kutta integration procedure was used to integrate equation 48 from 
a large to a small floe size. A least-squares fit to the experimental 
population data was then carried out to find the floe nuclei population 
density, ng, which minimized the residual sum of squares. The values of 
Kg and kg were then adjusted and the entire process was repeated until 
the best fit of the data to the equation was found. 
The results of these calculations for an arbitrarily-chosen run 
(run 7) in which the floes were assumed to break up into 2, 4, and 16 
equisized daughter floes are shown in Figure 51. Also shown is the best 
fit obtained when the floes were assumed to break completely into 
aggregates. As the assumed number of daughter floe fragments increased, 
the fit to the data improved, and the best fit was found for the limiting 
ease where the floes broke into aggregates and all of the daughter 
products appeared in the aggregate balance. Realistically, there was 
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certainly some gross fracture of the floes in the precipitator. It would 
be a mistake to attach too much physical significance to these results. 
However, the complete break-up approach best described the data. 
Precipitate Processing 
The continuous precipitation studies have shown that precipitates 
with widely varying properties can be prepared by changing the operating 
conditions in the precipitator. Many of these properties persist 
throughout the subsequent processing steps - drying, calcination, 
compaction, and sintering - and affect the properties of the finished 
ceramic body. These down-stream processing steps can be used to modify 
the properties of the precipitate, and the intelligent selection of 
techniques for carrying out these operations is of great importance in 
making high-quality ceramics. 
The influence of batch precipitation conditions and precipitate 
dewatering methods on the sinterability of hydroxynitrate-derived Y2O3 
powders has been studied extensively (1,63,102,103,104,105). Since 
conditions in a batch precipitator change with time, only qualitative 
conclusions could be reached about the interrelations between the 
precipitation conditions and the subsequent processing steps. These 
studies did show conclusively, however, that the dewatering technique was 
a key variable in determining the sinterability of the powder. 
In this work, the ability to maintain steady-state'conditions in the 
continuous precipitator permitted close control of the precipitation 
process and direct relationships between precipitation variables and 
precipitate properties could be obtained. Careful characterization 
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of these precipitates, and the use of a kinetic model were employed to 
gain insight into the complex processes taking place in the precipitator. 
The final section of results deals with how this type of analysis can be 
used to understand the impact of powder preparation conditions on the 
remaining ceramic processing operations. Characterization data obtained 
during each of the processing steps are summarized in Appendix D. 
The importance of particle size and agglomeration state on the 
sinterability of ceramic powders has already been reviewed. To summarize 
briefly, a "good" ceramic powder should be composed of unagglomerated 
submicrometer primary particles. If agglomerates are present, they 
should be weak enough to be destroyed when the powder is pressed, so that 
a uniform pore structure occurs in the green compact. 
Of the three types of particles in the precipitates, floes accounted 
for greater than 95% of the volume of the precipitate. The median 
volumetric floe diameters, below which 50% of the floe volume was 
contained, ranged from 6.6 to 15.5 ym. The floes were composed primarily 
of aggregates whose median volumetric diameters ranged from 0.4 to 
2:9 ynie The aggregates, in turn, were composed of crystallites less than 
0.05 ym in size. For all of the runs, the crystallites were sufficiently 
small that the powder would have been considered "good" if it had been 
unagglomerated. Since the major portion of the precipitates consisted of 
agglomerated particles much greater than one micrometer in size, it was 
the behavior of these agglomerates during processing which determined the 
sinterability of the powder. 
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Precipitate dewatering and drying 
Five different processes were used to dewater and dry the 
precipitates. They were air-drying, air-drying following a final wash 
with acetone, air-drying following consecutive washes with acetone, 
toluene, and acetone (20), quick-freezing followed by thawing and air-
drying, and quick-freezing followed by removal of the water by 
sublimation. The freeze-thaw process was not used until the third run 
and the triple organic wash sequence was not used until the fourth run. 
The drying method had no effect on the crystal structure of the 
precipitates. This can be seen in the x-ray powder diffraction patterns 
in Figure 52 for precipitates prepared at the highest and the lowest pH. 
However, it had a dramatic effect on the properties of the agglomerates. 
"High" pH derived powders The effect of different drying methods 
was most apparent for precipitates from the high pH runs where gelatinous 
filter cakes were formed. The strongest and most dense floes were 
produced. This behavior is common for amorphous hydroxides (20,116,134). 
The SEN photomicrographs in Figure 53 show the differences in the 
agglomerate structure of a high pH precipitate dewatered by various 
methods. 
Air-dried filter cakes were dense and glassy. As drying proceeded, 
the particles were pulled together by capillary forces (113), and 
interparticle bridging occurred as residual yttrium ions were forced out 
of the interstitial liquid. Figure 53a shows an air-dried precipitate 
which was ground to produce a friable powder. The dense, jagged-edged 
agglomerates are characteristic of powders prepared by air-drying of 
gelatinous filter cakes (1,20,63). 
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Figure 52. X-ray powder diffraction patterns illustrating the lack of 
influence the dewatering method had on the crystal structure 
of the yttrium hydroxynitrate precipitates 
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a) Air-dried 
100 fivn 2ixvn 
Figure 53. SEM photomicrographs illustrating the influence of the 
dewatering method on the agglomerate structure of high pH 
(run 8, pH = 9.08) derived yttrium hydroxynitrate 
precipitates 
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c) Acetone-toluene-acetone washed 
TOO Mm 2  Mm 
d) Freeze-dried 
Figure 53. (continued) 
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d) Freeze-thawed 
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Figure 53. (continued) 
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The addition of the acetone wash step did not prevent the gelatinous 
cake from forming. The gel character of the cake, and the structure of 
the agglomerates (Figure 53b) is much the same as for the air-dried 
powders. The same processes which produced the hard agglomerates during 
simple air-drying took place, but were less effective when the water was 
replaced by a liquid with lower surface tension. The greater 
insolubility of the yttrium ions in the acetone also reduced particle-
particle welding. 
Use of the acetone-toluene-acetone washes significantly altered the 
properties of the high pH precipitates. They were much "fluffier" 
(Figure 53c), and very little grinding was required to produce a friable 
powder. Rasmussen et al. (103) have shown, by examining the powder after 
each successive wash, that most of the change in the agglomerate 
structure occurs after the toluene wash. The interstitial water which 
promotes formation of the gel-like cake no doubt involves significant 
hydrogen bonding to lend structure to the mass. The non-polar toluene 
may partially inhibit the formation of this type of bond by forming a 
hydrophobic barrier around the agglomerates. This minimizes welding of 
the particles and improves the properties of the powder. 
Freeze-drying is often used to prepare mixed-oxide precursors. A 
mixed-metal salt solution is sprayed into liquid nitrogen and water is 
removed by sublimation (94,95). In this work, freeze-dried materials 
were obtained by quick-freezing a small portion (~1 cm^) of the filter 
cake and removing the water by sublimation. During dehydration, the cake 
collapsed to form a loose powder. The SEM photomicrograph of a typical 
freeze-dried powder (Figure 53) shows that the particles have a different 
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morphology than those prepared by the other methods. 
This unique morphology can be explained by the following argument. 
The gelatinous filter cake probably contains two types of water-filled 
pore networks - pores within the floes and pores among the floes. The 
intra-floc pores are of a size intermediate between that of the 
crystallites and the aggregates. The inter-floc pores are an order of 
magnitude larger. Upon cooling, ice-crystal nuclei form in the inter-
floc pores. As these ice crystals grow they compress and densify the 
floes, and incorporate the intra-floc water. Paulus (95) found spherical 
pores in freeze-dried droplets of a salt solution which had been sprayed 
into liquid nitrogen. The spherical pores were a result of radial growth 
of ice crystals in the droplets. Radial growth of the freezing water is 
consistent with the concave surfaces which are observed on particles of 
freeze-dried powders (102). Mahler and Chowdhry (75) also reported a 
concave surface morphology for directionally-solidifled silica gels 
frozen in liquid nitrogen. 
When the yttrium hydroxynitrate precipitate was dried in air after 
it had been quick-frozen and then allowed to thaw, the morphology was 
quite similar to that of the freeze-dried powder (Figure 53e). 
Precipitates treated by the freeze-thaw process did not require 
significant grinding since the filter cakes were no longer gelatinous 
after they had thawed. 
To obtain a qualitative assessment of agglomerate strength 
differences, particle size distributions of selected high pH precipitates 
were measured with a sedimentation-type particle size analyzer 
(Micromeritics Sedigraph) before and after they had been ultrasonically 
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irradiated. Suspensions of these powders were irradiated for ten minutes 
using an ultrasonic probe which had been calibrated to deliver a breaking 
pressure of 1 MPa (15). 
Figure 54 shows the mass size distributions for the seune freeze-
dried, acetone-washed, and acetone-toluene-acetone washed precipitates 
shown in the SEN photomicrographs in Figure 53. For comparison, the 
estimated particle size distribution in the precipitator, calculated 
numerically from the particle density distribution function, is also 
shown. For the precipitator distribution, the major floe peak was at 
6.2 Mm, the submicrometer tail being the contribution of the aggregates. 
The curve for the unirradiated freeze-dried powder is very similar, 
showing a peak at nearly the same particle size; the other curves are 
quite different. This result was generally true for precipitates which 
formed dense, strong floes during precipitation. Freeze-drying had 
little effect on the mass size distribution of these powders. Part of 
the difference in the two curves probably reflects differences in 
measurement techniques. A Coulter counter rather than a sedimentation-
type analyzer was used to obtain the data from which the mass 
distribution in the precipitator was calculated. 
It is difficult to relate the size distribution in the precipitator 
to that obtained after the material had been washed with acetone and air-
dried because it formed a hard filter cake which had to be ground to 
produce a powder. The shape of the curve in Figure 54a for this powder, 
therefore, mostly represents the effect of the grinding process used to 
break up the filter cake. 
The particle size distribution for the acetone-toluene-acetone 
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Figure 54. Particle size distributions for freeze-dried, acetone-washed, 
and acetone-toluene-acetone washed precipitates, and the 
in situ precipitator size distribution from run 8 (pH = 9.08) 
(before and after ultrasonic irradiation at IMPa) 
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washed precipitate is bimodal. The peak at 5 pm is close to the peak in 
the precipitator distribution, shoving that some of the floes retained 
their integrity during the drying process. The larger peak, at 30 yra, 
occurs at nearly the same point as the peak in the distribution for the 
acetone-washed powder and lends support to the concept that this is the 
most probable size of floc-floc agglomerates which formed in the cake as 
it dried. 
Figure 54 shows the distributions of the three dried powders after 
ultrasonic irradiation. The very slight change in the size distributions 
of the freeze-dried and the acetone-washed powders shows that they were 
made up of strong agglomerates. When toluene was also used, the 
distribution after ultrasonic treatment shifted much more to smaller 
sizes. A comparison of the curves in Figure 54 for the acetone-washed 
powder and for the acetone-toluene-acetone washed powder gives further 
insight into the effect of the toluene. The toluene appears to have 
reduced the formation of floc-floc agglomerates in the filter cake, and 
those which did form were largely broken up when the powder was 
ultrasonically treated. The floes formed in the precipitator are also 
weakened by the toluene treatment. Ultrasonic treatment caused 
substantial breakage of these floes into smaller particles. 
"Low" pH derived powders The behavior of dried precipitates 
prepared from low pH runs was much different from those prepared at high 
pH. Figure 55 shows SEM photomicrographs of low pH agglomerates treated 
by the different drying methods. The morphology produced by 
agglomeration of the platelet-shaped crystallites was essentially 
preserved during all of the dewatering and drying procedures. This was 
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a) Air-dried 
b) Acetone-washed 
Figure 55. SEM photomicrographs illustrating the influence of the 
dewatering method on the agglomerate structure of a low pH 
(run 5, pH = 7.92) derived yttrium hydroxynitrate 
precipitate 
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c) Acetone-toluene-acetone washed 
d) Freeze-dried 
Figure 55. (continued) 
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e) Freeze-thawed 
Figure 55. (continued) 
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generally true for all of the powders which had some structural order. 
They were voluminous (large C^p), maintained their floe integrity, and 
did not form gelatinous filter cakes. 
The agglomerates were generally weaker, even those in the air-dried 
and the acetone-washed material. Particle size distributions for freeze-
dried and acetone-toluene-acetone washed precipitates, shown in Figure 56 
before and after ultrasonic treatment, are quite similar. Both the peaks 
were bimodal before irradiation. The peaks at about 5 um are from 
individual floes formed in the precipitator. The peaks at about 20 ym 
are from floc-floc agglomerates formed in the cake during filtration, 
washing, and drying. The floes and the floc-floc agglomerates both broke 
up extensively when the sample was ultrasonically treated. 
In summary, the combination of precipitation condition and 
dewatering method determined the morphology, the size distribution, and 
the strength of the agglomerates. 
Precipitate surface areas The BET surface area of an 
agglomerated powder is a function of the size and shape of the primary 
particles and the fraction of primary particle surface that can be 
reached by the gas adsorbate during the measurement. Surface areas for 
the yttrium hydroxynitrate precipitates are given in Table 7. The 
difficulty in maintaining identical washing and drying conditions among 
the different samples for each of the wash procedures produced 
appreciable scatter in the data. 
Because the surface areas of the precipitates in the precipitator 
could not be measured situ, calculations based on the second moments 
of the particle density distributions were used to obtain estimates. A 
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Figure 56. Particle size distributions for freeze-dried and acetone-
toluene-acetone washed precipitates, and the iji situ 
precipitator size distribution from run 5 (pH = 7.92) 
(before and after ultrasonic irradiation at IMPa) 
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Table 7. Summary of yttrium hydroxynitrate precipitate surface areas 
Run pH T N03-:Y3+ Surface Area (m^/g) 
(sec) AD® Awb OWSC Fod FT® SMT^ 
5 7.92 780 3.09 32.4 46.8 70.0 55.8 24.2 3.44 354 
4 8.68 780 3.09 12.5 130.7 181.1 68.6 14.3 1.95 233 
1 8.80 780 3.09 39.0 4.9 Nph 26.6 NP 1.71 279 
3 8.95 780 3.09 46.5 136.7 NP 97.2 NP 3.91 166 
8 9.08 780 3.09 30.9 19.8 112.6 5.52 7.3 1.87 253 
10 9.02 780 3.09 41.9 27.2 Noi 3.2 6.6 ND ND 
2 9.21 780 3.09 69.4 59.2 NP 2.2 NP 1.14 187 
6 9.49 780 3.09 64.5 73.1 280.8 2.3 75.2 0.62 237 
7 8.99 390 3.09 11.7 10.3 146.5 9.3 33.2 1.36 253 
9 8.98 1560 3.09 12.1 12.7 158.9 12.5 6.6 1.70 210 
11 8.70 780 6.00 30.4 18.6 39.7 15.3 18.1 1.05 247 
12 8.60 780 9.00 31.7 57.0 112.7 28.7 22.9 0.86 262 
®Not prepared. 
^Air-dried precipitate. 
^Acetone treated precipitate. 
^Acetone-toluene-acetone treated precipitate. 
dpreeze-dried precipitate. 
®Freeze-thawed precipitate. 
^SMT® S^V(4.54 g/l)« 
Ss„c= 4/(T:^P)-(1 + 0.5dc/tc). 
^Not determined. 
^Not prepared. 
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lower limit was found by converting the total second moment of the 
particle density distribution, Sq,, to a mass basis, 3^^. This number 
includes the surface area of the free crystallites and the external 
surface of the agglomerated particles. It is a minimum value because it 
does not include any internal pore surface area. A maximum value was 
found by assuming that the precipitate was composed of individual, 
unagglomerated, crystallites of average size, + E^,min" This area, 
defined as is an^overestimate because a large portion of the 
crystallites were agglomerated and much of the surface of agglomerated 
crystallites was not exposed, especially in the dense agglomerates formed 
at high pH. The values of S<p^ and are also contained in Table 7. 
The most obvious trend is the much larger surface areas of the 
powders in which toluene was used as one of the wash liquids. The trends 
in the surface areas of the air-dried and the acetone-washed powders have 
little real significance because the hard, dense filter cakes had to be 
ground to obtain a powder. 
The powders washed with acetone, toluene, and acetone produced the 
most porous floes and the freeze-dried powders best reflected the mass 
particle size distribution in the precipitator. The surface areas of 
these two kinds of powders, as a function of pH of formation, are 
compared with and in Figure 57. The measured surface areas are 
bracketed by and 
The closeness of the measured surface area of the acetone-toluene-
acetone washed powders to the value of shows that this dewatering 
process did not appreciably density the floes formed in the precipitator. 
The freeze-drying process, on the other hand, did cause significant floe 
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Figure 57. Hydroxynitrate precipitate surface areas as a function of 
precipitation pH (S^c = estimate of maximum surface area and 
= estimate of minimum surface area) 
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densificatlon in the high-pH powders and the measured surface area of 
these powders was close to the estimated minimum surface area, S^. In 
the low pH range, where the filter cake structure is such that the 
densifying tendencies of the freezing process have the least influence, 
the surface areas of the two sets of powders were reasonably close. 
The freeze-thaw powders generally had a slightly higher surface area 
than the freeze-dried powders in the high pH range because the thawing 
process allowed the dense agglomerates formed by the freezing process to 
expand somewhat, thus exposing more surface. 
Calcination 
The calcination process involves removal of hydrated water plus 
decomposition and rearrangement of the yttrium hydroxynitrate phase to 
form Y2O3. Thus, the growth rate of the Y2O3 crystals during calcination 
is a function of the thermal history of the powder (14). To remove this 
effect as a variable, the precipitates prepared in this work were all 
calcined under the same conditions (3 hours at 900 °C). Therefore, any 
differences found in the characteristics of the calcined powders were a 
result of differences in the hydroxynitrate precursors. 
For fixed calcination conditions, the rate at which the crystals 
grew, and their ultimate size, depended on the amount of contiguous 
precursor material available. Average crystal sizes, calculated from the 
222 diffraction peak, for calcined powders from selected pH runs are 
shown in Figure 58. Calculations based on the 400 peaks gave similar 
values. There was a general, overall size increase with increasing pH 
because the packing density of the agglomerates increased. 
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Figure 58. Variation of the x-ray average crystal dimension (222 diffraction peak) for calcined 
powders as function of precipitation pH and the precipitate devatering method 
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For the low pH precipitate, the precursor agglomerates had an open, 
cardhouse-type structure. The average TEH size of the platelet-shaped 
crystallite particles in the agglomerates was 353 À and the x-ray crystal 
size for the precipitate was about 200 Â. After calcination, the x-ray 
crystal size was a function of how the precipitate was dried but ranged 
from 250 to 450 Â - about the same size as the individual precursor 
crystallites. For this material, there was little interparticle growth 
within the agglomerates during calcination and the size of the oxide 
crystals was limited by the size of the individual yttrium hydroxynitrate 
crystallites. 
For the precipitate prepared at a pH of 9.1, the average TEN size of 
the precursor was only 144 Â and the x-ray crystal size was only 120 Â. 
However, the agglomerates were more dense and the x-ray crystal size 
after calcinatibn ranged from 325 to 450 Â.. For these powders, 
appreciable interparticle growth took place within the dense agglomerates 
and the size of the oxide crystals was not limited by the size of the 
precursor crystallite particles. This effect was even greater for the 
precipitate prepared at the highest pH (9=5), The x-ray crystal size for 
the oxide was larger, but the TEH size of the precursor crystallites was 
about the same, and the x-ray crystal size of the precursor was too small 
to be measured by line broadening. 
Thus, for each precipitate prepared, the manner in which it was 
dried affected the x-ray crystal size of the calcined powder. The most 
significant differences appeared in the low pH powders and was related to 
the amount of densification and interparticle bridging or "welding" that 
occurred during drying. At the lowest pH, only the air-dried material 
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gave an x-ray crystal size (400 Â) after calcination that was larger than 
the average TEN size of the precursor crystallite (353 Â). The smallest 
crystal sizes, those for the freeze-dried and the acetone-toluene-acetone 
washed samples, corresponded to the two processing conditions where the 
least amount of water was present during drying. 
As the pH at which the precipitates were formed increased, the 
density of the agglomerates increased until, at the highest pH (9.5), the 
drying method had little effect on the oxide crystal size. During 
calcination a great deal of interparticle growth within the dense 
agglomerates occurred regardless of the way in which the precipitate had 
been dried. 
Figure 59 shows SEM photomicrographs of calcined material from 
freeze-dried and the acetone-toluene-acetone washed powders. The 
crystallite sizes for these powders are given in Figure 58. As is often 
found in calcination operations, the morphology of the precursor powder 
particles was carried over into the calcined powder (14,64). The 
platelet morphology and the loose agglomerate structure of the low pH 
precursor (shown in Figure 55) and the dense agglomerate structure of the 
more equiaxed high pH precursor (shown in Figure 53) persisted in the 
calcined powders. 
The particle size distributions of the agglomerates and the 
agglomerate strengths were also similar before and after calcination, as 
shown in Figure 60. The only observable differences are a slight 
reduction in both the size distribution and the agglomerate strength 
after the powders had been calcined. 
Calcination caused a reduction in the surface areas of the precursor 
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a) pH = 7.92 - OWS (run 5) b) pH = 7.92 - FD (run 5) 
c) pH = 9.08 - OWS (run 8) d) pH = 8.68 - FD (run 8) 
Figure 59- SEM photomicrographs of calcined powders showing powder 
morphology differences as a function of precipitation pH and 
precipitate dewatering by freeze-drying (FD) and acetone-
toluene-acetone washing (OWS) 
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Figure 60. Particle size distribution of two precipitates before and after calcination 
(before and after ultrasonic irradiation at 1 MPa) 
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Table 8. Summary of yttria powder surface areas 
Run pH T N03";Y3+ Surface Area (m^/g) 
(sec) AD^ Awb OWgC FD** FT® 
5 7.92 780 3.09 19.9 28.7 41.4 39.1 21.9 
4 8.68 780 3.09 18.1 41.0 42.3 28.3 21.2 
1 8.80 780 3.09 ND^ ND Npe ND NP 
3 8.95 780 3.09 ND ND NP 35.6 ND 
8 9.08 780 3.09 20.6 17.2 20.7 3.6 15.7 
10 9.02 780 3.09 20.5 25.8 16.9 2.8 15.2 
2 9.21 780 3.09 ND ND NP 1.6 NP 
6 9.49 780 3.09 10.3 10.7 15.7 1.8 14.1 
7 8.99 390 3.09 19.3 21.7 33.9 9.4 24.4 
9 8.98 1560 3.09 19.0 14.3 29.1 8.5 10.3 
11 8.70 780 6.00 21.4 22.9 20.5 5.0 18.8 
12 8.60 780 9.00 21.6 26.2 39.3 15.3 20.1 
^Air-dried precipitate. 
^Acetone treated precipitate. 
^Acetone-toluene-acetone treated precipitate. 
dpreeze-dried precipitate. 
®Freeze-thawed precipitate. 
%ot determined. 
^Not prepared. 
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powders. The surface areas for the oxides are given in Table 8. When 
the data in Tables 7 and 8 are compared, three major trends can be seen. 
For the air-dried and the acetone-washed precipitates, the surface areas 
were reduced by about 30% to 50%. The surface areas of the freeze-dried 
and the freeze-thav powders did not change appreciably. For the acetone-
toluene-acetone washed powders, the reduction in surface area varied 
widely upon calcination but was always substantial - ranging from 40 
to 95%. 
Precursors with the highest surface areas or the smallest 
crystallite sizes did not necessarily produce powders with the smallest 
crystal sizes after calcination. For example, the material from the 
lowest pH run had the largest crystallite sizes and only moderately high 
surface areas, but produced the smallest oxide crystals. The more 
important factor was the density of the agglomerates. 
Compaction and sintering 
The widely varying properties (crystallite size, agglomerate 
morphology, and surface area) of the calcined powders have been shown to 
be directly related to the precipitation and dewatering conditions of the 
precursor. The final steps in the ceramic fabrication process, 
compaction and sintering, also produced results which could be traced 
back to the preparation conditions for the precursor. 
The "activity" of the yttria powders was evaluated.in terms of their 
sintered densities. This is frequently done because the sintered density 
is related to such important properties as mechanical strength for 
structural ceramics and transparency for optical ceramics. However, a 
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word of caution is in order. Lange (70), and others have shown that the 
presence of relatively few agglomerates can lead to strength limiting-
flaws even in materials which sinter to high density. Ceramic 
microstructures (grain size and pore size) may also be different for two 
different powders which sinter to the same density under identical 
pressing and sintering conditions. Time did not permit a detailed SEN 
study of the ceramic microstructure or measurement of the mechanical 
strength of the pellets. Uniform pressing and sintering conditions were 
used for all the pellets. The initial sintering condition, 1400 °C for 
two hours, is a relatively low temperature for yttria (67,102). It was 
chosen to enhance differences in sinterability, since only active yttria 
powders will sinter to high density at this temperature. The sintered 
densities of the yttria pellets sintered at 1400 °C are given in Table 9. 
The activity of a ceramic powder was once considered to be directly 
related to its surface area, the driving force for sintering being a 
reduction in surface area. When the sintered densities of all the yttria 
powders prepared in this work are plotted against their surface areas, as 
in Figure 61, such an overall trend is apparent. Powders from the same 
precipitation run, but dried by different methods, also followed this 
trend. On the generic plot, the results of run 4 ("low" pH) and run 6 
("high" pH) have been highlighted to show the importance of the 
combination of the precipitation and dewatering conditions on 
sinterability. Powders from the low pH runs generally sintered better. 
The sintered density of a high pH derived powder was much more sensitive 
to the drying conditions of its precursor than was a powder prepared 
under low pH conditions. However, surface area alone was an insufficient 
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Table 9. Summary of sintered densities of yttria pellets sintered at 
1400 ®C for 2 hours 
Run pH T Sintered Density (% of theoretical) 
(sec) AD® OWS^ FD^ FT® 
5 7.92 780 3.09 92.7 90.8 88.6 94.2 89.0 
4 8.68 780 3.09 82.9 98.6 97.9 97.0 83.2 
1 8.80 780 3.09 Ngf NS NPS 73.5 NP 
3 8.95 780 3.09 NS NS NP 94.2 NP 
8 9.08 780 3.09 90.7 85.9 87.7 60.0 76.5 
10 9.02 780 3.09 83.1 91.1 80.5 59.8 74.2 
2 9.21 780 3.09 NS NS NP 58.6 NP 
6 9.49 780 3.09 74.5 77.9 82.7 59.7 78.4 
7 8.99 390 3.09 89.9 88.6 96.8 71.7 89.6 
9 8.98 1560 3.09 91.0 81.6 95.3 63.7 69.1 
11 8.70 780 6.00 93.2 89.9 93.5 65.1 85.2 
12 8.60 780 9.00 90.8 93.5 97.0 77.0 92.0 
®Air-dried precipitate. 
^Acetone treated precipitate. 
^Acetone-toluene-acetone treated precipitate. 
^Freeze-dried precipitate. 
®Freeze-thawed precipitate. 
%ot sintered. 
®Not prepared. 
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Figure 61. Density of yttria pellets sintered at 1400 ®C as a function 
of yttria powder BET surface areas (AD = air-dried, AW = 
acetone-washed, OWS = acetone-toluene-acetone washed, FD = 
freeze-dried, and FT = freeze-thawed) 
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measure of powder activity. There were many powders whose surface areas 
were about 21 ra^/g, as indicated by the vertical line A-A in Figure 61, 
yet their sintered densities ranged from 82% to 93% of theoretical 
density. 
The sintered densities of the powders, replotted in Figure 62 as a 
function of their x-ray crystallite diameters, shows the expected inverse 
relation with particle size - assumed to be the x-ray diameter. Again, 
the data for runs 4 and 6 are highlighted to show that this inverse 
relationship also holds for powders from the same precipitation run. It 
also shows again how the combination of precipitation condition and 
dewatering method are important. The high degree of scatter in the 
figure is a result of the fact the x-ray crystallite size does not 
account for the agglomeration state of the powder. 
The range of crystal sizes of the oxide powders was from 250 to 
500 Â. If the powders had not been agglomerated, all of them would have 
sintered well since even the largest crystals were substantially less 
than a tenth of a micrometer in size. The ratio, C%g, sometimes called 
an "agglomeration factor", is defined as the ratio of the x-ray crystal 
diameter to the average spherical BET diameter, 
BET- pSgET 
3 
where p = solid density (5.031 g/cm for yttria) 
SBET= BET surface area. 
(83) 
The agglomeration factor gives a measure of the agglomeration state of a 
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powder. A value of one for Cjjg shows that the agglomerates tend to be 
composed of weakly bonded crystallites which are not fused together. As 
the agglomerates become more dense, this ratio decreases. More and more 
of the crystallite surface area is not exposed to the gas adsorbate used 
during a BET surface area determination - indicating the presence of 
polycrystalline agglomerates. Figure 63 gives the sintered density 
versus for the same powders shown in Figures 61 and 62. The 
relationship between sintered density and is quite linear. The 
scatter in the data occurs because is not a sensitive enough measure 
of the compaction behavior of a powder. 
Figure 64 shows the pore size distributions, obtained by mercury 
porosimetry, for two powders compacted uniaxially at low pressure (6.8 
MPa) and at the much higher isostatic pressure (220 MPa) used to prepare 
the green powder compacts. These powders are labeled A and B on F.igure 
63. 
For the high-pH freeze-dried powder (point A on Figure 63) compacted 
at low pressure, most of the porosity was contained in pores larger than 
one micrometer. These were voids between the dense floes. Little intra-
floc porosity was present, as shown by the almost negligible small pore 
volume. When this powder was further compacted to 220 MPa, the floes 
were squeezed together and the peak in the pore size distribution shifted 
from 1.19 to 0.34 ym. The large pores and the high density of the 
polycrystalline agglomerates (C^g = 0.11) promoted differential sintering 
in the pressed compact. This produced a low sintered density (60.0%). 
The low-pH freeze-dried (point B on Figure 63) compact had smaller 
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Figure 64. Pore size distributions of compacts of calcined freeze-dried 
precipitates from (a) run 10 (pH = 9.02) and (b) run 4 
(pH = 8.68) 
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sizes and more narrow pore size distributions at both pressing pressures. 
The low-pressure distribution was bimodal. Most of the pore volume was 
contained in inter-floc pores, whose size distribution peaked at 0.03 vm. 
A smaller volume was contained in intra-floc pores, whose size 
distribution peaked at about 0.09 wm. When the low-pressure compact was 
pressed isostatically to 220 HPa, the floes broke down to produce smaller 
pores with a relatively narrow, unimodal pore size distribution centered 
around a radius of 0.013 ym. The powder had an average crystal radius of 
0.017 ym, which indicates that the pores which were present in the green 
compact were about the size of the individual crystals. The weakly 
agglomerated powder (C^g = 0.82), therefore, sintered to a high density 
(97%). 
The greatest scatter of the data in Figure 63 occurs at a Cyp value 
of 0.6. The widely varying sinterability of the powders represented by 
points C, D, and E is related to their different compaction behavior. 
The pore size distributions, given in Figure 65, for their green compacts 
shows clearly the inverse relation between the pore sizes and the 
sintered densities of thsss green compacts: 
The insensitivity of the relation between and the sintered 
density for of about 0.6 indicates that a better measure of 
agglomerate strength is needed. It does, however, show that fused 
crystallites produce strong agglomerates which limit the sinterability of 
agglomerated powders. Ciftcioglu et al. (15) have recently developed an 
ultrasonic technique for measuring agglomerate strength quantitatively. 
Their results show that agglomerate strength is a dominant factor in 
predicting sinterability. 
Figure 65. Pore size distributions of compacts of calcined powders from 
(a) run 11 (pH = 8.70, NOg:? = 6, acetone-toluene-acetone 
washed), (b) run 11 (freeze-thaw), and (c) run 12 (pH = 8.60, 
NOgiY = 9, freeze-dried) 
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Influence of pH Since precipitation pH strongly influenced 
precipitate properties, many of which were carried over into the calcined 
powders, it was expected that these pH effects would also be seen in the 
pressing and sintering steps. They are most apparent in the data on the 
freeze-dried powders, which best reflected the properties born into them 
during precipitation. Figure 66 shows tap densities, pressed densities, 
and sintered densities as a function of pH for oxide powders and pellets 
prepared from the freeze-dried precipitates. There were definite trends 
with increasing pH. The tap densities were inversely proportional to the 
floe volume ratios, C^p, in the precipitator (Figure 25), and this 
relation persisted in the pressed densities of the compacts. The 
discontinuity at a pH of 8.9, which has been so obvious in the earlier 
results, could still be seen in all of the density curves, and in fact 
was most pronounced in the sintered density curve. 
The inverse relation between the compact densities and the sintered 
densities is common for powders compacted under similar conditions. The 
sintered density-pH curve, which is similar in shape to that in Figure 46 
for the floe breakage rate parameter, kg, connects the precipitation 
model to the final step in the ceramic fabrication process. Material 
which formed weaker floes (larger k^) during precipitation had better 
properties throughout the subsequent processing steps. 
The extreme in dewatering effects to the freeze-drying process was 
the acetone-toluene-acetone process. This drying method tended to 
minimize the influence of precursor precipitation conditions on the oxide 
powders. Figure 67 shows the various densities for the powders processed 
this way. The sintered densities followed the same trend as for the 
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freeze-dried powders, but without the dramatic decrease in sintered 
density for the high pH material. The acetone-toluene-acetone wash 
process generally increased the sinterability of a powder, but did not 
completely erase the influence of precipitation pH. 
Residence time effects Although residence time had little effect 
on the size and morphology of the crystallites in the precipitate, it did 
cause the floe strength to increase. The effect of the stronger floes 
could only be seen in the sintered densities of the freeze-dried powders 
(Figure 68), which correlated with the decrease in the floe breakage 
constant in Figure 48. The sintered densities of powders derived from 
air-dried, acetone-washed, and acetone-toluene-acetone washed 
precipitates were insensitive to T, probably because those drying methods 
significantly altered the agglomerate properties. 
Nitrate-to-y11rium ratio effects The greatest variation in the 
sinterability of the precipitates prepared under different nitrate-to-
yttrium ratios was found again for the freeze-dried powders. Densities 
for these powders are shown in Figure 69, where the minimum in the curve 
occurred at the same point as that for the floe breakage rate constant in 
Figure 50 - again showing a correlation of sintering results with the 
kinetic model of the precipitation process. 
Effect of resintering at 1800°C Several pellets, mainly those 
prepared from high pH derived freeze-dried powders, sintered to densities 
well below 80% of theoretical at 1400 °C. These and other selected 
pellets were resintered at 1800 °C for two hours to see if higher pellet 
densities could be achieved. The densities of these samples are 
summarized in Table 10. 
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Table 10. Summary of the sintered densities of yttria pellets sintered 
at 1800 "C for 2 hours following initial sintering at 1400 "C 
for 2 hours 
Run pH T N03~:Y^''" Sintered Density (% of theoretical) 
(sec) AD® OWS^ FD*^ FT® 
5 7.92 780 3.09 96.8 97.1 97.7 95.2 Nsf 
4 8.68 780 3.09 89.5 94.0 92.7 95.8 86.4 
1 8.80 780 3.09 NS NS Npg 96.5 NP 
3 8.95 780 3.09 NS NS NP 89.0 95.1 
8 9.08 780 3.09 93.7 92.3 98.1 88.4 95.1 
10 9.02 780 3.09 89.7 95.7 94.2 . 80.7 90.5 
(95.2)" (84.2) 
2 9.21 780 3.09 NS NS NP 58.6 NP 
6 9.49 780 3.09 87.1 85.3 98.3 85.5 91.5 
7 8.99 390 3.09 95.9 94.4 95.3 88.8 94.4 
9 8.98 1560 3.09 96.5 88.7 96.1 96.1 95.7 
11 8.70 760 6.00 97.9 97.1 96.3 97.6 98.0 
(96.7) (97.6) 
12 8.60 760 9.00 98.3 97.5 96.3 99.6 98.0 
^Air-dried precipitate. 
^Acetone treated precipitate. 
^Acetone-toluene-acetone treated precipitate. 
dpreeze-dried precipitate. 
^Freeze-thawed precipitate. 
%ot sintered. 
SNOÎ prepared. 
^Green compacts were sintered only at 1800 °C. 
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The effect of resintering on the ultimate density of a pellet was 
examined by sintering pellets of selected powders only at 1800 °C. 
Comparing these densities with pellets subjected to the two cycle 
process, little difference was found in the densities (see Table 10). 
The ultimate density of a material is often a function of the highest 
temperature to which it was subjected and/or the time at that temperature 
(71). 
A comparison of the 1400 and 1800 °C sintering results in Tables 9 
and 10 shows the expected general increase in density with increasing 
temperature. The samples which showed a slight decrease in density after 
the 1800 °C cycle had sintered to high density at 1400 °C. For these 
pellets, there were slight cracks present after the 1400 °C cycle. Upon 
reheating the pellets to 1800 °C, sealing of the cracks at the surface 
created closed porosity in the pellet and decreased the sintered density. 
The initial pellet cracking was probably a result of the high-activity 
material sintering too rapidly. The pellets prepared from the freeze-
dried powders, which sintered to only -60% at 1400 °C, further densified 
generally to less than 90% of theoretical. This was a result of 
differential sintering of the dense agglomerates in the original powder 
and the large pores present in the green compact. 
The exception to these results were the freeze-dried samples from 
runs 11 and 12, which sintered to only 65.1 and 77.0% of theoretical at 
1400 °C, respectively, but densified to 97.6 and 99.5 % of theoretical at 
1800 °C. The precipitates from these runs in which the was 
increased had relatively dense floes which were composed of crystallites 
with the typical structural order of low pH powders. Apparently, the 
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freeze-drying process densified these precipitates in a fashion which 
produced powders that compacted to produce pore structures different from 
the compacts of the high pH freeze-dried powders. Pore size 
distributions of the green compacts of the freeze-dried powders from run 
12 and a high pH run are shown in Figures 64a and 65e, respectively. 
Comparing the distributions shows that the high pH derived powder compact 
had much larger pore sizes than the compact from run 12. The pore size 
distributions in the compacts of the powders from the high nitrate runs 
were uniform enough to sinter to high density, but only when there was a 
high enough driving force, such as that produced by the 1800 °C sintering 
condition. 
Pellet shrinkage The low pH powders were found to be quite 
sinterable, regardless of the drying method used. However, it is also 
. desirable for a powder compact to shrink isotropically as it is 
densified. All of the powders were compacted and sintered under the same 
conditions. Therefore, if they densify isotropically, the pellet height-
to-diameter ratio should remain constant throughout the densification 
process. 
The pellet height-to-diameter ratios at the mechanically, 
isostatically, and sintered densification stages for powders from the 
7.9, 8.7, and 9.1 pH runs are plotted in Figure 70 as a function of 
density for the freeze-dried and acetone-toluene-acetone washed powders. 
The low pH powder showed anisotropic shrinkage resulting from carryover 
of the platelet morphology of the precursor crystallites. The platelets 
became preferentially oriented as the weak agglomerates were destroyed 
during compaction. As a result, the pellets densified faster in the 
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axial rather than in the radial direction. The powder prepared at a pH 
of 8.7 was even more sinterable but densified isotropically. In this 
case, the crystallites were more equiaxed and the agglomerates were still 
weak enough to be destroyed during compaction. The high pH powders 
showed negligible anisotropy during densification but sintered to lower 
density because of the persistence of the dense agglomerates. These 
results show that the precipitation conditions may also control both the 
ultimate densification and the shrinkage behavior of a ceramic powder, 
particularly if the crystallite morphology varies with precipitation 
conditions. 
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CONCLUSIONS 
Through the use of experimentally measured quantities and a kinetic 
model, the objective of characterizing yttrium hydroxynitrate the 
precipitation process was achieved. By integrating this information with 
characterization data from each processing step, powder preparation 
conditions were shown to have an overriding influence on the remaining 
fabrication operations. 
The results of this study have been discussed in terms of the 
characterization of the precipitation process, precipitation kinetics, 
and precipitate processing. The most significant conclusions from each 
of these areas are as follows. 
Precipitation Process 
1. Regardless of the precipitation conditions, the yttrium 
hydroxynitrate precipitates prepared in this work consisted of three 
particle types - crystallites, aggregates, and floes. 
2. The morphology and composition of the yttrium hydroxynitrate 
crystallites were consistent with the work of Holcombe et al. (49). 
3. The platelet-like crystal habit and non-isotropic growth of the 
crystallites was explained by the layered structure of the lanthanide 
hydroxynitrates. 
4. Supersaturation levels in the precipitator were varied by 
changing the precipitation pH, the superficial residence time, and the 
nitrate-to-yttrium ratio. Variation of pH had the most profound effect 
on precipitate morphology and structure. 
5. Supersaturation levels in the precipitator increased with pH, 
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causing a general reduction in the average crystallite size, a decrease 
in structural order of the crystallites, and a decrease in the 
crystallite diameter-to-thickness ratio. 
6. A discontinuity in crystallite morphology was found at a pH of 
8.9. At this pH, the crystallites showed an unexpected increase both in 
size and in the diameter-to-thickness ratio. This anomaly was explained 
in terms of an unknown growth-inhibiting complex which was preferentially 
adsorbed on the faces of the crystallites; this explanation was supported 
by the fact that a maximum in the zeta-potential occurred at this pH. 
7. For the conditions studied, the zeta-potential of a growing 
yttrium hydroxynitrate surface was more positive than when no growth was 
present. As a result of this finding, the body of literature which 
exists on the electrokinetics of aqueous-hydrous oxide suspensions at 
equilibrium is not applicable to systems in which particle surfaces are 
experiencing growth. 
8. For the conditions studied, variation of the superficial 
residence time and the nitrate-to-yttrium ratio did not affect 
crystallite morphology or size. 
9. Under low pH conditions, the platelet-like crystallites formed 
voluminous, cardhouse-like agglomerates. This type of structure can be 
attributed to differences in the structure of the faces and edges of the 
platelets, causing preferential face-edge crystallite interactions during 
agglomeration. 
10. The agglomerates became more dense at high levels of 
supersaturation (high pH); the precipitate particles had low structural 
order under those conditions, and preferential face-to-edge interactions 
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were reduced. 
Precipitation Kinetics 
1. For the conditions studied, the experimental population density 
distributions can be fit to a three-particle model of the precipitation 
process. 
2. The kinetic parameters found by fitting the experimental 
population density distributions to the modeling equations varied in a 
physically reasonable fashion. 
3. The crystallite nucleation and growth rate kinetics for the runs 
with relatively low levels of supersaturation (low pH> followed those 
often found in continuous crystallization systems. 
4. At high levels of supersaturation (high pH), crystal growth 
apparently takes place by an-aggregation process with small nuclei as the 
growth units. 
5. The size distribution of crystallites formed is a function of 
the rate at which they are lost to agglomeration, and is reflected in the 
value of their effective residence time in the precipitator. 
6. The rate at which crystallites were lost to agglomération during 
the formation of aggregates correlated strongly with crystallite 
morphology. 
7. The collisional growth rate for the floes was independent of 
crystallite morphology; it was influenced more strongly.by electrostatic 
repulsion effects, characterized by the magnitude of the zeta-potential. 
However, because of the high ionic strength in all of the runs, 
significant agglomeration still took place. Thus, under conditions where 
210 
there vas a high zeta-potential, the agglomeration rate was reduced, but 
agglomeration was not prevented. 
8. Plocs which formed cardhouse-like structures were much weaker 
than those which formed dense structures. 
9. For the conditions studied, the assumption of total floe 
breakage into aggregates better described the floe break-up process than 
did the assumption of floe breakage into several daughter floes. 
Precipitate Processing 
1. The influence of the precipitate drying method on the resulting 
powder properties was strongly dependent on precipitation conditions. 
Under high levels of supersaturation (high pH) when dense, strong 
agglomerates of low structural order were formed, the prevention of 
particle welding during drying was necessary to produce friable powders. 
Of the dewatering methods used, the acetone-toluene-acetone process was 
the most effective. When weaker, cardhouse-like agglomerates were formed 
(low pH), powder properties were much less dependent on the dewatering 
method. 
2. The crystal size in the calcined powder was a function of the 
density of the agglomerates in the precursor powder. The denser the 
precursor agglomerates, the larger the sink of material available for 
crystal growth during calcination, and the larger the crystals in the 
calcined powder. 
3. The agglomerate strength properties of a precipitate powder were 
carried over to the calcined oxide. 
4. For the yttria powders prepared in this study, powder surface 
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area was a good measure of powder sinterability only when powder surface 
area was either very high (greater than 25 m^/g) or very low (less than 
10 m^/g). For powder surface areas of -20 m^/g, surface area did not 
reflect the agglomeration state of a powder well enough to be a reliable 
measure of its sinterability. 
5. The x-ray average crystal diameter-to-BET diameter ratio was a 
more sensitive measure of the agglomeration state of a powder than the 
surface area. It was also a better indicator of powder sinterability, 
yet it was not sensitive enough to be used to predict sinterability. 
6. Powders processed using the freeze-drying method tended to best 
reflect the properties born into them during precipitation. This was 
reflected in the correlation between the sinterability of freeze-dried 
powders and the floe break-up rate cohstant. 
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APPENDIX A: SAMPLE COULTER RUN 
PROGRAM OUTPUT 
page 
Samples of Run Program Computer Output for Run 5 226 
Coulter constants and run conditions 226 
Sample 5A-2 data, 9.07 T into run 227 
Sample 5A-5 data, 15.7 T into run 228 
Sample 5A-8 data, 21.3 T into run, sampled directly 229 
from precipitator 
200 ym aperture summary 230 
50 ym aperture summary 231 
PDD plot of sample 5A-2 showing counting consistency 232 
for 50 ym aperture 
PDD plot of sample 5A-2 shoving counting consistency 233 
for 200 ym aperture 
PDD plot of sample 5A-8 showing counting consistency 234 
for 50 ym aperture 
PDD plot of sample 5A-8 showing counting consistency 23;5 
for 200 ym aperture 
PDD plot showing approach to steady-state for 50 ym 236 
aperture 
PDD plot showing approach to steady-state for 200 ym 237 
aperture 
Run lA PDD Plot Showing Approach to Steady-state for 238 
50 ym Aperture 
Run lA Steady-state PDD for 50 ym Aperture 239 
226 
RUN SA 
âeEB<if>iS.iiieE.iiâiâi 
liiui NunfiER 11 
Acuiurcb SIZE 
AfkH.naj.scT. 
CALIBR.CODST. 
20U MICRONS 
4 20 
194.8 
TUBE NUMBER 21 
APEklURE SIZE 
APLR.MAf.SET. 
CALIBR.CONST. 
SO MICRONS 
8 40 
296^4 
CHAN LNIN - LMAX LAVE LBIFF LMIN - LMAX LAVE LDIFF 
1 2.520- 3.175 2.848 0.655 O.SOti- 0.640 0.565 0.130 
2 3.175- 4.000 3.35# 0.825 0.630- 0.794 0.712 0.164 
3 4.000- 5.040 4.520 1.040 0.794- 1.000 0.897 0.206 
4 5.040- 6.350 5.695 1.310 1.000- 1.260 1.130 0.260 
5 a.waa- O.Otfv 7.175 1.650 1.260- 1.587 1.424 0.327 
6  8.000- 10.080 9.040 2.079 1.587- 2.000 1.794 0.413 
7  lO.CfiO- 12.700 11.390 2.620 2.000- 2.520 2.260 0.520 
a 12.700- 16.001 14.350 3.301 2.520- 3.1/5 2.847 0.655 
9 16.001- 23.160 18.080 4.IS? 3.173- 4.000 3.SU7 0.825 
10 2U.I60- 25.400 22.780 5.240 4.300- 5.040 4.520 1.040 
11 25.400- 32.002 28.701 6.602 5.040- 6.350 5.695 1.310 
12 3:.002- 40.320 36.161 8.318 6.350- B.OUO 7.175 1.655 
13 40.320- &0.W00 45.560 10.480 8.000- 10.079 9.040 2.0/? 
14 50.800- 64.004 57.402 13.204 10.0/9- 13.699 11.389 2.620 
IS 64.004- 80.640 /2.322 16.636 12.699- 16.000 14.350 3.301 
:6 80.640-101.600 91.120 20.960 16.000- 20.159 18.079 4.159 
BUN.C0NDIi;QN5l 
TIME RUN STARTED: 10:20: 0 
RFMR > 2.30 PH • 7.9 STIR.RATE = 1200 RPH RESIDENCE TIME - 13.00 HIN 
YTTRIUM CGNDillwdS: 
CONC. « 0.0300 M/L 
FLOW. « 134.0 ML/MIN 
AMNOKIUM HYDROXIDE CONDITIONS; 
CON C .  =  0. 4 2 6  n / i  
FLUU. - 20.0 MU.IIH 
S(t-2 
TI«l 12*17:56 TIME INTO RUN = 117.Y NIN lAU INTO KUN « ».07 PH « 7.8» TEMP « Z4.7 C t FlOU • 100.0 OH FLOU » ÏO.O 
ÇOMgENIS.QU.SAMPLE, 
APT. SIZE » 200 MICRONS MAN. VOL. • 2.00IIL III.I 4.00MI IN 250ML, THEN 3.00NL IN 200HL.,IIL. FAC. • «166.47* 
UN LAVE COUNT I COUNT 2 COUNT J AVE. CI. BO. CI. AIJ. CT. POP. DENSITY 
2.849 0.0 0.0 0.1) 0.0 0.0 0.0 O.0OO000E»OO 
3.588 2507.0 2489.0 2528.» 2501.0 420.2 2087.8 0.52;«7IE«07 
4.52# 1824.0 1721.0 1686.» 1743.7 70.8 1672.8 0.335I84E*07 
5.695 1895.0 1865.0 1781.0 1847.0 36.8 1810.2 0.287a76E*07 
7,175 2279.0 2200.0 2175.0 2218.0 18.7 2199.3 0.2;V410E+07 
9.040 2301.0 2204.0 2227.0 2244.0 7.2 2236.8 0.224»96E*07 
11.3,0 laja.o 1*25.0 1897.0 1886.7 8.8 1877.8 0.I49319EO7 
14.350 1214.0 1221.0 1167.0 1200.7 3.8 1194.8 0.7553491*06 
18.0*0 S4B.0 521.0 552.0 540.3 2 5 537.8 0.2694131*06 
22.780 149.0 121.0 139,0 136.3 I.J 135.0 0.S36736E*03 
28.701 24.0 23.0 20.0 22.3 0.5 21.8 0.6UW976E+04 
36.161 3.0 2.0 4.0 3.0 0.2 2.8 0.7wY640E*03 
45.560 0.0 1.0 0.0 0.3 0.0 0.3 0.662638E*02  ^
57.402 0.0 0.0 0..0 0.0 0.0 0.0 O.O0O000E*00 w 
72.322 0.0 0.0 0,0 0.0 0.0 0.0 0.0OO0OOE*OO 
91.120 0.0 0.0 0,0 0.0 0.0 0.0 0.0000001*00 
VERABET Y Y Y 
il 
CH 
PT. SIZE = 50 MICRONS MAN. VOL. • o.o:sNL IlL.i 4.00HL IN 250ML, THEN 3.00ML IN 200ML.,8IL. FAC. > 4166.67X 
LAVE COUNT 1 COUNT 2 COUNT 3 AVE. Cf. 88. CT. AOJ. CT. POP. DENSITY 
0.365 0.0 0.0 0,0 0.0 0.0 0.0 O.OOOOOOE*00 
0.712 10672.0 10752.0 10892.0 10772.0 463.8 10306.2 0.S24521E410 
0.Q97 4182.0 4331.0 4607.0 4373.3 71.2 4302.1 0.I73782E+I0 
1.130 1862.0 1805.0 1823.0 1830.7 44.4 1786.3 0.S72696E*09 
1.424 798.0 877.0 827.0 834.0 33.6 800.4 0.203677EI09 
1.794 225.0 253.0 255.0 244.3 20.8 223.3 0.4SMySE*08 
2.260 79.0 87.0 80.0 82.0 11.6 70.4 0.1128551*08 
2.«47 52.0 53.0 52.0 52.3 6.0 46.3 0.bUv519E*07 
3.58/ 50.0 61.0 47.0 52.7 3.2 49.3 0.4V9544E*07 
4.520 71.0 68.0 6i.O 68.3 1.8 66.3 0.333282E+07 
5.695 66.0 83.0 75.0 74.7 1.0 73.7 0.468647E*07 
7.175 84.0 d9.0 74.0 82.3 0.0 82.J 0.413726E*07 
9.040 63.0 69.0 7Î.0 70.3 0.2 70.1 0.2810691*07 
11.389 32.0 30.0 2(1.0 30.0 0.0 30.V 0.954250E*06 
14.350 16.0 14.0 1A.0 15.3 0.0 15.3 0.38.^ 113E*06 
18.079 4.0 8.0 (i.U 6.0 0.0 6.0 0.120229E*06 
VERAGE? Y Y V 
90tWR90l*0 O'k 0*0 
90njC.T0rt*0 O'tl 0*0 
f0+39z»iri'0 O'lE 0*0 
/o*3oriAfZ"o O'ZS ZO 
/0f3:C9Z»»'0 8-S9 0*0 
f0+3*06g0»'0 f £ ¥  O'l 
f0+3[z0f9»"0 /.'tt 8*1 
<@*3*ZIF6G'0 O^ t Z*f 
m3USBI8*0 0*f 
80+39EE8t('0 • •69 »*ll 
80*3Z6E*Z»'0 »'6SI 8*0Z 
i0«3lt'8C6l*0 ••US f*£t 
*0*3flCZ6G'0 9'S8EI **»* 
010618861*0 B'SOSC Z ' U  
ei«3ICS909'0 2*8(69 #(9* 
00+3000000*0 0*0 0*0 
A1I6N30 'dOJ *13 *rov *13 *01 
Xffi'fiSSS > '3«J *1ia'"IH00Z HI IWOO'E N3H1 
00*3000000*0 0 0 0*0 
00*3000000*0 0*0 0*0 
00*3000000*0 0*0 0*0 
[0*316/861*0 ro 0*0 
E0*3C0BV6I*0 9*0 Z*0 
»0*366S9îr*0 0*8 6*0 
EO*300ZZ»»*0 k*E8 1*1 
90*3ZC(f*C*0 0*0« fi*{ 
90*39»Z8Z<'0 t'S98 8*C 
/0*3I06ZSI'0 Z*Z>M IB 
maisoizz*o 8*»£9l fl 
f0*360(9fZ'0 9*0*91 rti 
/0*30E09BZ'0 6*e»ci 8*9C 
f0*3ll6l9['0 f'kSEI vol 
f0*39*(6/t'0 9'OZfl e*oz* 
00*3000000*0 0*0 •*o 
WISN3q 'jQj 'ID TIU *13 *01 
xfc'cscs « "nvi •ii«*'iwooz NI IMO*E mi 
O'OZ ' nou HO o'tri = n014 A 3 S'TZ = DHLI 68'4 • HJ 
1 :i k A ijmwyam* 
0*» O'S O'K O'k mv 6/0'8l 41 
0*11 0*SI o*u 0*/ O'U OS£'»l SI 
O'lE 0*0t 0*h£ o*/z O'tE 68g'll »l 
C'ZS 0*S» O'liS O'SS 0*9S 0»n'6 £1 
8*t9 0*S9 0*i9 0*69 0*09 S/l'/ ZI 
S'Bk 0*8» ft*!îî 0*9» fl'OS S69'fi 11 
S*E» 0*8» 0*&» 0*»» 0*1» OZG'» 41 
f'/* 0*0> 0*i» 0*6* O'IÎ /8S'£ 6 
E'kS 0*05 o*:9 0'E9 O'Z» /»S'Z # 
0*18 0*14 O'U 0*68 0*89 092'2 / 
£'081 O'CBI O'îlî 0*»/l 0'6».t »6/'l 9 
0'S09 0*919 0'ri9 0*119 O'IBS »Z»'I S 
O'OCH 0*l»H O'ZOSI o*mi O'tSEI OtI'l » 
0*//S£ O'kOZE o*»m 0*Z/SP 0'85»C /6f'0 E 
O'kON ruH O'USi 0'I6W O'C/06 zu*o r. 
0*0 0*0 0*0 0*0 O'O E7£*0 1 
•n *36» » lNn03 E INnOS z iNnni 1 lNn03 3AV1 H3 
IHOfiZ HI 1HOO*E <*111 1PS0*0 • *106 "NVN 8N0N3IH OS > ins '14V 
A 1 A A 130**36* 
0*0 0*0 O'O 0*0 O'O 0ZI'I6 91 
0*0 0*0 O'O O'O 0*0 zzr*z/ El 
0*0 0*0 O'O 0*0 O'O ZOI-'/S »l 
Z'O 0*0 O'l 0*1 O'l 09G*S» El 
ro O'Z O'O 0*0 O'l I9I*9E ZI 
8*8 0*8 O'i O'OI 0'/ lO/'BZ It 
B*»B o*ce O'Z/ 0*06 0'Z6 m'li 01 
S*Z« 0*6/f 0'9/C 0'»/E 0'I9C 080'8I é 
. C*698 0"G/8 O'8S0 O'/fiS 0'/S8 OEE'»l n 
O'tSH 0*09*1 0'9IH 0'9EM 0'Z/»l OAE'll / 
0*Z99l 0*£69l 0 E8SI 0'699l 0*6691 0»0*6 9 
C*6S9I 0*6S9I 0 *0/1 0'EI9I 0*6S9I S/l*/ S 
I'SBCI 0*Sf£l O'EBFI 0'e»CI 0*/t»l 869*5 » 
C*SZ»I e*ssn 0 01»! O'SBFl 0*ZS»l OZS*» E 
8'OklZ O'OCZZ 0"//0% O'l/IZ 0*S80Z BOS'E Z 
0*0 O'O 0 0 O'O 0*0 8»8'Z 1 
*13 *3A* » lHn03 E INHOS Z lNn03 1 INn03 36*1 H3 
INOSZ NI 1H00*E >*110 1NI)0*2 • •LOFL 'NWW SN0»3IN OOZ » 3ZIS 'AWV 
laiawSg HO SlH3WNH 
OZ*EI • wn* OINT flVl MIH Z'tOZ - wnw OtNI 3NI1 K >»»>ri •'3HI1 
s-vc 
5A-8 
UNE: MiS7t28 TIHk INTO RUN * 277.S WIN TAU INTO RUN • 21.34 PN • ÇOMMlNIS.gN.SANklS! 
SANPLE TAKEN IIR. FROM 
PflEClPlfAJUR 
APT. SIZE « 200 NIGRONS NAN. VUL. = 2.00WI oil.: 4.00ML IN 2301 
GH LAVE COUNT 1 COUNT 2 COUNT 3 COUNT 4 AVE. CT 
1 2.848 0.0 0.0 0.0 0.0 0.0 
2 3.538 0.0 0.0 0.0 0.0 0.0 
3 4.320 2407.0 2350.0 2333.0 2399.0 2372.3 
4 5.6*5 2083.0 2009.0 2040.0 2056.0 2047.0 
3 7.175 2293.0 2419.0 2410.0 2364.0 23/1.5 
i 9.040 2399.0 2458.0 2561.0 2559.0 2494.3 
; ii.afo 2354.0 2J6S.0 2319.0 2229.0 2316.8 
i 14.350 15*2.0 1570.0 1578.0 1595.0 1583.8 
» 18.080 756.0 711.0 692.0 691.0 ; 714.3 
to 22.780 177.0 148.0 186.0 171.0 170.5 
II 28.701 12.0 16.0 16.0 17.0 15.3 
12 36.161 1.0 0.0 0.0 2.0 0.7 
13 45.560 0.0 0.0 0.0 0.0 0.0 
14 57.402 0.0 0.0 0,0 0.0 0.0 
IS 72.322 0.0 0.0 0,0 0.0 0.0 
U 71.120 0.0 0.0 0.0 0.0 0.0 
AVERAGEr * 1 I 1 
APT. SIZE > 50 MICRONS NAN. VOL. • 0.05NL #11.1 4. OONL IN 250ML, IHEN 
OH LAVE COUNT 1 COUNT 2 CUUNI 3 COUNT 4 AVE. CI. 18 
1 0.365 0.0 0.0 0.0 0.0 0.0 
2 0.J12 0.0 0.0 0.0 0.0 0.0 4 
3 0.897 5832.0 6051.0 5867.0 *100.0 5962.5 
4 1.130 2034.0 2056.0 2102.0 2033.0 2056.3 
5 1.424 907.0 940.0 916.0 925.0 922.0 
6 1.794 110.0 325.0 324.0 341.0 325.0 
7 2.260 139.0 140.0 140.0 146.0 141.3 
8 2.047 75.0 75.0 91.0 93.0 83.3 
V 3.587 64.0 94.0 64.0 69.0 72.# 
10 4.520 71.0 60.0 81.0 82.0 74.0 
11 5.695 79.0 83.0 Bii.O 93.0 85.0 
12 7.175 98.0 84.0 11(1.0 99.0 97.8 
13 9.040 yj.9 76.0 102.0 83.0 88.5 
14 I I . 3 U V  53.0 72.0 6).0 58.0 62.5 
15 14.350 21.0 17.0 11.0 2/.0 21.0 
16 18.079 8.0 5.0 l.O 4.0 4.5 
AVLRAGL? Ï T V t 
7.y2 TEMP • 24.f C r FlOU • 134.# OH FLOU ' 20.0 
4.00HL IN 200Nl.,BIL. FAC. • 3125.00% 
ADJ. CI. POP. LENSin 
0.0 O.OOOOOOE«00 
-420.2 -0.795530E406 
2301.4 0.34SS49£«0; 
2010.2 0.239762E+07 
2352.8 0.222739E$07 
2487.1 0.186875E+07 
2307.9 0.I37638E+07 
1579.9 0.747841E+06 
711.8 0.267399E+06 
169.2 0.504433E+03 
14.8 0.349090E+04 
0.6 0.10V577E*03 
0.0 O.OOOOOOE«00 
0.0 O.OOOOOOE+00 
0.0 O.OOOOOOE+O# 
0.0 O.OOOOOOE+O# 
, IN 200NL. ,I1L. FAC. * 3123.001 
ADJ. CT. POP. OENSITT 
0.0 O.O00OO0E«OO • 
-465.8 -0.I77797E+09 
5891.3 0.I78482E+I0 
2011.8 0.483765E+09 
888.4 0.169552E*09 
304.2 0.460799E+08 
129.6 0.tSS877E*0# 
77.5 0.739550E+07 
69.6 0.S2676iE«07 
72.2 0.434026E+07 
84.0 0.400788E+07 
97.8 0.370177E+07 
88.3 0.265406E+07 
62.5 0.149I03E+07 
21.0 0.397633E+06 
4.5 0.676288E403 
SUMNARf FOR APERTURE SIZE « SO WICRUNB SÎHELLÎ-.L SAMPLE.!._% §@BPLE.!__3 5A8PK.!..* SAMPLE.!..; SAMPLE.!..# SAMPLE..SDHEH.»..! 
PH = 7.86 PH : 7.89 PH » 7.94 PH « 7.93 PH = 7.8* PH = 7.90 PH = 7.92 PH • 7.92 
fAU « 7.30 1AU « 9.07 TAU « 11.5* TAU « 13.94 TAU = 19.70 TAU = 1/.90 TAU « 19.53 TAU > 21.34 
O.OOOOOOE+00 O.OOOOOOE+00 O.OOOOOOE+OO O.OOOOOOEiOO O.OOOOOOE+00 O.OOOOOOE+00 O.O0OOO0E»O0 O.OOOOOOE+00 
0.S6II49EM0 0.S24S2IEM0 0.5I0652E+IO 0.44828SEH0 0.60653IE+10 0.584358E+I0 O.47492OE+I0-O.177797E«O9 
0.I97O68E+IO O.I7j7UZE+IO 0.I727I8E+I0 0.758768E+09 0.I888I9E+10 0.177900E+10 0.181939E+10 0.178482E+10 
0.6657322*09 0.572696E+09 0.579616E+09 0.1SOIl/2Et09 0.5V2317E+09 0.4911I1E+09 0.661890E+09 0.483765E+09 
0.2J2yl5Em 0.203677E+0; 0.205267E+09 0.566843E+08 0.193871E*09 0.138227E+09 0.269364E+09 0.169552E+09 
0.596373E+08 0.45I475E+08 0.47*068E*08 0.237519E+08 0.429392E+08 0.3I7635E+08 0.8OIO2IE+O8 0.460799E408 
0.159183E*08 0.II2855E+08 0.12*6875*08 0.1412I1E+08 0.I48336E+08 0.138183E+08 0.234366E+08 0.1SS877E«0B 
0.701379E+0/ 0.589519E+07 0.677523E+07 0.746441E+07 0.818S4IE«07 0.848229E+07 0.7846I2E+07 0.739550E+07 
0.324I65E+07 0.499544E+07 0.613V95E+07 0.769269E+07 0.593I24E*07 0.589758E+07 0.4349I3E+07 0.526768E+07 
0.349866E+07 0.S332B2EO7 0.50t56IE*07 0.5756746*07 0.467023E+07 0.483053E+07 0.293359E+07 0.434026E*07 
0.293434E«07 0.468647E*07 0.472358E*07 0.508938E+07 0.402909E*07 0.477129E+07 0.3I1724E+07 0.400788E+07 
0.291597E+07 0.415726E+07 0.378698E+07 0.40618BE+07 0.442655E+07 0.430874E+07 0.274345E+07 0.370177E+07 
0.2I2805E+07 0.2BI069E+07 0.22A632E+07 0.307074E+07 0.278130E+07 0.283473E+07 0.201985E+07 0.2654065*07 
e.930402E+06 0.9542L8E+06 O.12%258E+07 0.12582IE+07 0.1314765+07 0.II6632E+07 0.9224S0E+06 0.I49103E+07 
0.3313605*06 0.387113E+06 0.30%958E406 0.291737E+06 0.370282E+06 0.403944E+06 0.2861275+06 0.397633E+06 W 
0.165315E+06 0.1202295+06 0.95118135+05 0.1246825+06 0.1068705+06 0.1001915+06 0.667939E+0S 0.6762885+03 ° 
AV5T N I <r M N N Y Y 
CHANN51 LMimcmsi AVE. POP. 05NSITY LOS AV5. POP. 
1 0.565 0.0000005+00 O.OOOO 
2 0./12 0.3/30/85+10 22.0399 
3 0.897 0.1767305+10 21.2927 
4 1.130 0.5744915+09 20.1690 
5 1.424 0.2119655+09 19.1719 
i 1.7V4 0.5478405+08 17.8189 
7 2.260 O.I58IY6E+08 16.5768 
8 2.847 0.69780IE+07 lb.7583 
9 . 3.587 0.5188055+07 15.4619 
10 4.520 0.441307E+07 13.3001 
II 5.695 0.4133795+07 15.2347 
12 7.175 0.3597365+07 15.0957 
13 9.040 0.2437735+07 14.7066 
14 11.38V O.tlSOObE+07 13.9353 
15 14.3SU 0.3434585+06 12.7468 
16 18.079 0.8745835+05 11.3789 
ts» 
SUNNAKY FOR APERTURE SIZE « 200 MICRONS 
ssdeu-i-.l SAMPLE.:..; 5ÔSe!-L;-.3 SAHEli.ï.-l SABflE.!..; SÔBfH.r-.é lôdELkî-.Z SAMELE.!..* 
M « 7.86 PH : 7.89 PH - 7.94 PH > 7.93 PH • 7.89 PH > 7.90 PH = 7.92 PH • 7.92 
fAU > 7.JO TAU = 9.07 TAU > 11.36 TAU * 13.94 TAU > 15.70 TAU « 17.90 TAU « 19.53 TAU > 21.34 
O.OOOOOOE+00 O.OOOOOOE+00 O.OOWOOEtOO O.OOOOOOEfOO O.OOOOOOEiOO O.OOOOOOEtOO O.OOOOOOE400 O.OOOOOOE+OO 
0.535097E+07 0.52707IE+07 0.58I957E+07 0.6SOS89E4O7 0.S79I46E*07 0.607589E+07 O.3524l4E+07-O.79533OE*O6 
e.258000H07 0.J3SI84E4O7 0.38*6825*0/ 0.424649E*07 0.36191IE*07 @.393I68E*07 0.265I55E+07 0.345849E+07 
0.l87yl7E+07 0.287876E+07 0.297789E+07 0.339093E*07 0.2860305*07 0.3090365*07 0.1997815*07 0.239762E*07 
0.1754845*07 0.2776105*07 0.26587IE+07 0.3036125*07 0.2761095*07 0.2887325*07 0.176883E*07 0.2227395*07 
0.1374665*07 0.2240965*07 0.2091685*07 0.2499945*07 0.2210515*07 0.2184135*07 0.1377875*07 0.1868755*07 
0.9813335*06 0.1493195*07 0.1362785*07 0.1626205*07 0.1529015*07 0.1410275*07 0.9299895*06 0.(376385*07 
0.5054505*06 0.7553495*06 0.6444825*06 0.7165355*06 0.7282465*06 0.6739695*06 0.4997095*06 0.7478415*06 
0.1905385*06 0.269413E*06 0.1984495*06 0.2129485*06 0.247I22E*06 0.2209075*06 0.2191815*06 0.2673995*06 
0.5506525*05 0.5367365*05 0.36047SE*0S 0.371077E*0S 0.4422005*05 0.390514E*05 0.445292E*03 0.504433E+05 
0.9979635*04 0.6889765*04 0.5101585*04 0.2454375*04 0.3365995*04 0.3576365*04 0.3015365*04 0.3490905*04 
0.9705375*03 0.7096405*03 0.4591795*03 0.I66974E*03 0.I94803E*03 0.6122395*03 0.3896065*03 0.1093775*03 
O.24U4892*0j 0.6626385*02 0.0000005*00 0.0000005*00 0.1987915*03 0.0000005*00 0.0000005*00 O.OOOOOOE*00 
0.3944525*02 0.0000005*00 0.0(100005*00 0.0000U05*00 0.0000005*00 0.0000005*00 0.0000005*00 O.OOOOOOE+O*  ^
O.OOOOOOE*00 0.0000005*00 0.0(100005*00 0.0000005*00 0.0000005*00 0.0000005*00 0.0000005*00 0.00O0O0E*00 w 
O.OOOOOOE*00 0.0000005*00 0.0(100005*00 0.0000005*00 0.O00OVOE»00 O.000O00E*00 O.00000OE*00 0.0000005*00 
AVE? N r y N N N Y Y 
CHANNEL LAVE(HICRONS) <W5. POP. 05NSIÏY LOS AV5. POP. 
1 2.848 0.0000005*00 0.0000 
2 3.588 0.3959725*07 13.1917 
3 4.520 0.3337185*07 13.0206 
4 5.695 0.2363025*07 14.7367 
3 7.175 0.2357765*07 14.6732 
6 9.040 0.1894025*07 14.4346 
7 11.390 0.1290585*07 14.0706 
8 14.350 0.6618455*06 13.4028 
9 • 18.080 0.2386105*06 12.3826 
10 22.780 0.4617345*05 10.7402 
II 28.701 0.4624405*04 8.4391 
12 36.161 0.4170015*03 6.0331 
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16 91.120 0.0000005*00 0.0000 
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APPENDIX B: PDD DETERMINATION 
The Coulter counter particle size distributions were converted to 
population density distributions (PDD) using the relation 
DN, 
" (L.^1-  L.)V^ 
where average equivalent spherical diameter of channel i 
L.= equivalent spherical diameter at threshold of channel i 
D = dilution factor 
number of particles counted in channel i 
Vg,= volume of sample analyzed. 
After Run 3, in an effort to obtain more information at the large 
particle size end of the PDD, a multiple aperture technique was used. 
The Coulter counter was equipped with two sampling stands. A 200 ym 
aperture for large particles was used on one stand and a 50 pm aperture 
for small particles was used on the other. Counts were taken using each 
aperture and combined to give a wider overall size range. Overlap 
channels from the two apertures were used to examine how well the 
procedure worked. Appendix A contains computer output from a typical run 
in which this technique was employed. Also contained in Appendix A are 
a number of plots illustrating the reproducibility of particle counting, 
the consistency in sampling directly from the reactor and from the 
sampling tube, the change in particle size distribution as a run 
approaches steady-state, and the steady-state distribution. 
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The steady-state particle size distributions were obtained by 
averaging the results from three to five different samples taken after 
steady-state conditions had been reached. Figure B1 shows the average 
steady-state FDD curves for runs at extreme values of pH 
(Figure Bla - pH = 9.49, Figure Bib - pH = 7.92). The error bars 
represent plus or minus one standard deviation. Figure Bla shows that 
the high pH run distributions obtained from the two apertures agree very 
well; there is little difference in the overlap channels. For the low pH 
run, Figure Bib shows that there were larger differences in the 
distributions for the two apertures. This can be attributed to shear 
effects resulting from flow through the counting aperture. Shear is 
greater through the 50 wm aperture and can cause breakage of 
agglomerates. The distribution thus shows a decrease in the larger 
particle size range and a corresponding increase in the lower size range, 
where the particle fragments are counted. Data from the 200 ym aperture 
give a more realistic picture of the upper end of the distribution 
because the shear forces are lower as the particles pass through the 
aperture. The results of Figure SI also show that agglomerate strength 
was a function of precipitation conditions. At a low pH (Figure Bib) the 
shearing effects of the 50 ym aperture were strong enough to break-up the 
floes. However, at a high pH (Figure Bla) the stronger floes did not 
break-up. 
A similar breeik-up of agglomerates due to shearing in the aperture 
of a Coulter counter has been reported elsewhere (5,51). Birkner and 
Morgan (5) found that, for floes composed of 1.3 ym polystyrene spheres, 
the aperture break-up was negligible for aperture sizes greater than 
200/im 200pm 
20 0 1 
DIAMETER (/xm) 
Figure Bl. Average steady-state population density distributions for precipitation extremes 
(error bar = ± 1 std. dev.) 
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140 ym. This result tends to verify that the use of a 200 ym aperture 
for the larger agglomerates gave reliable results. 
In order to analyze the POD, the data were fit to a series of 
polynomials of the form 
n<L) = 10^1 + + 10^1 i = 2, 3 (B2) 
with Pi = AQ+ AJ^L + ... + n = 1, 2 (B3) 
where the polynomial coefficients, Aj, were found by least-squares 
analysis. For example, Figure B2 shows that the experimental FDD data 
for Run 5 can be fit very well by a series of two polynomials of 1st and 
2nd order. Although the expression has no physical significance, its 
use is demonstrated as follows. Figure B2 shows that even with the 
multiple aperture technique there is still a portion of the distribution 
at the large particle end that is not measured. In terms of particles, 
this portion is not significant, but in terms of mass or volume its 
significance is not as clear. Using the least squares expression for the 
density function, the third moment of the distribution was integrated to 
give the cumulative volume distribution. The results of such an 
operation are shown in Figure B3 for Run 5. The figure shows that even 
using the poorer fit to the distribution there is only about 
5% of the volume distribution above 28 ym (last Coulter data point), 
which indicates that the upper size limit of the multiple aperture 
technique is sufficient. 
Using the polynomial fit method previously described, the FDD curves 
for the runs in which pH (RFMR) was varied are given in Figure B4. The 
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Figure B2. Population density distribution for Run 5 fit to a series of 
polynomial expressions 
245 
100 
80 
60 
40 
20 
—'u \ 
\ 
\ 
\ 
\ 
\ 
\ 
t 
\ 
Run 8 
pH = 9.08 
T =780sec 
NO3'¥^"=3.09 
I 
'l,l= 
'U=" 
( n(L),, i2dL _ 
/"iKD, , ddL 
0 
jddL 
J n(L), 2 ifdL 
M 
I 
10 20 30 
DIAMETER (fim) 
40 
(11.2229 - 2.19788 L) (7.34337 -0.119568L) 
n(L),, = 10 +10 
(I0.I234-I.23448L) («.71529 - 0 014349L -0.00326381?) 
n(L), 2= 10 +10 
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the polynomial expression of the FDD data 
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Figure B4. Average steady-state population density distributions calculated using the 
polynomial fitting procedure 
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140 ym. This result tends to verify that the use of a 200 urn aperture in 
the Results section. 
Particle size distributions discussed to this point were obtained 
with the Coulter counter. However, the primary particles (crystallites) 
were too small to be measured with this instrument. They were sized 
using image analysis of TEH photomicrographs. Using the TEM sample 
preparation procedure described in the Experimental section, the 
particles were dispersed evenly on the grid, with the particle 
concentration of the suspension being adjusted to minimize particle-
particle overlap. 
Oolman (86) used a similar sizing method for sizing small ammonium 
polyuranate particles. He employed extensive ultrasonic dispersion and 
centrifugation to break-up or remove any agglomerates present, so that 
only the individual crystallite sizes were measured. In this study, the 
particle size distribution of all the particles below the size range of 
the Coulter counter, which includes both aggregates and crystallites, 
were measured. The distribution obtained was then combined with the 
Coulter counter data to give the entire FDD. Since the precipitates used 
in the preparation of the ethanol suspensions for particle size 
measurement were treated to minimize caking, only a minimum amount of 
ultrasonic irradiation (3 minutes) was needed to break up the 
agglomerates that formed during the drying process. The resulting 
dispersion, when placed on the TEM sample grid, gave a representative 
sample of the particle size distribution which existed in the 
precipitator. 
Because of the large range of particle sizes involved, particle size 
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data from photomicrograghs at three different magnifications were 
required. The overall magnifications used, after photo-enlargement, were 
30,000X, 10,000X, and 3,870X. In some cases, black ink enhanced 
photomicrograghs or photocopies of the actual photomicrographs were used 
on the image analyzer because it improved the difference in gray levels 
between the particles and the background. Figure B5 shows the photocopy 
series of the different magnifications used in the image analysis of a 
typical run. Two hundred to six hundred particles were counted at each 
magnification. The number density distributions obtained from these 
photomicrographs are shown in Figure B6. Conversion based on area 
analyzed to the 3,870X basis gives a very smooth and continuous 
distribution - indicating good particle dispersion on the TEM grid. 
The characteristic particle dimension used by the image analysis 
software for characterizing the irregularly shaped particles was that of 
a diameter of a circle of equivalent area. For the large particle end of 
the distribution, this was approximated as the equivalent spherical 
diameter of the particle since the aggregates measured in this size range 
tended to be spherical. Since the primary particles are platelet-shaped; 
the dimension measured is the platelet diameter, which is the crystallite 
characteristic dimension. 
The image analysis distribution data were combined with the Coulter 
counter data in the following way. First, the data in the second through 
the fifth channels of the Coulter distribution were fit to a second order 
polynomial, ^coul lowest channel was not used because of inherent 
electrical noise). The curves obtained by image analysis (example shown 
in Figure B6) were then shifted up or down using a least squares fit of 
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Figure B6. Number density distributions obtained by image analysis for 
Run 8 
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the four data points of the upper end of its size distribution to the 
polynomial, Pcoul* Figure B7a shows the result of this procedure for the 
data in Figure B6. The complete distribution is shown in Figure B7b. 
The experimental FDD obtained in this manner were used to find the 
kinetic parameters of the precipitation model. The characteristic 
dimension used for the aggregates and floes was that of the equivalent 
spherical diameter of the agglomerate, which included both the mass and 
the internal voidage of the particle. Treweek and Morgan (127) have 
discussed the fact that the Coulter particle counting technique only 
measures the solid volume of a particle, with the resulting dimension 
being the equivalent spherical diameter of solid. This is based on the 
assumption that the pores of the floe are open to, and full of the 
supporting electrolyte. Their work was done using the supporting 
electrolyte as the medium for the agglomeration of 1.3 ym coli. 
In the present study, agglomerates were made up of primary particles 
which were up to two orders of magnitude smaller than the coli. The 
dispersing electrolyte was also of a much higher ionic strength than the 
precipitator liquor in vhich the agglomerates were formed. Agglomerates 
of the smaller primary particles also contained many internal pores which 
were not exposed to the electrolyte. Since measurements were made 
immediately after dilution, the electrolyte did not have a chance to 
diffuse into the interior pores and the resulting volume measured was the 
total volume of the floe. Hunter and Frayne (54) recently used the 
Coulter counter to measure the total volume of floes composed of 0.1 ym 
spheres and found consistent results. 
The characteristic dimension of the crystallites is the platelet 
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253 
diameter. To obtain the surface area and volume size-independent shape 
factors, the relationship between the crystallite diameter and thickness 
was needed. Using the shadow casting technique previously described, the 
crystallite diameter to thickness ratio, d^/t^,, was found in the 
following way. The TEN photomicrographs of the shadow cast samples were 
analyzed by measuring the diameter and shadow length of several particles 
(approximately 60 counted per sample). The particle thickness was found 
using the relation defined by equation 70. The thickness values for a 
given diameter were summed and averaged. The average thickness was then 
plotted as a function of diameter and linear regression with the y-
intercept taken as zero was done (a sample plot is shown in Figure B8). 
The slope is equal to d^/t,.. 
400 
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to to 
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pH = 9.08 Run 5 
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Figure B8. Crystallite thickness as a function qf crystallite diameter for runs 5 and 8 
found by the shadow casting technique 
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APPENDIX C: MODEL PARAMETER DETERMINATION 
The procedure for determining the kinetic parameters of the 
precipitation model from the experimental population density distribution 
data (FDD) was as follows: 
1) Using the results of the polynomial fitting procedure described 
in Appendix B, the second moments of the experimental FDD were 
calculated. The moments were numerically integrated and the 
total surface area estimated. was then estimated using 
equation 61. 
2) The solution of the floe balance, equation 51 written in log 
form is 
In n(L)j= Cg -
kfGe Kf/Gç) 
L(Kf/Gg) Kf/Gc 
ln(Kj/G-^ L + 1) 
'^V®c 2(Kf/G_)2 (Kf/G^)3j 
(CI) 
with Cg= In ng + 
' kgGç Kf/Gc)' 
Kf/G^ 
3 "• 2 
f.min 
f'"c'' (Kf/Gc)3j 
(02) 
Using this form for nf(L) and the estimate of G^, from 
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equation 61, a non-linear regression analysis [Harwell 
subroutine using the method of Powell (99)] was used to 
find the best fit values for Cj, Kj, and kg by minimizing the 
residual sum of the squares. The large particle size end of the 
experimental FDD was used (see Figure 32). 
Using the results of step 2, and equation Cl, the predicted 
ng(L) was subtracted from the total experimental FDD. 
The solution to the aggregate balance, equation 42, written in 
log form is 
In n^(L) = C^- B^ln(A^L +1) (C3) 
with A^= K^/G^ 
V 1" "a + V"<^ a^ a,min^  
As in step 2, a non-linear regression was done to find A^, Bg^, 
and for the remaining large size end of the adjusted 
experimental FDD (see Figure 32). 
Using the results of step 4 and equation C3, the predicted 
aggregate FDD was also subtracted from the remaining 
experimental FDD. 
The solution of the crystallite balance, equation 31, written 
log form is 
(C4) 
(C5) 
(C6) 
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In n^(L) = C^- A^L (C7) 
with A^= g—(1/T + kç) 
c 
C = In n° + 
c c c c ,min 
(C8) 
(C9) 
Using the adjusted experimental POD from step 5, a linear 
regression was done to find A^ and C^,. 
7) The second moments of the predicted FDD for the crystallites, 
aggregates, and floes, were then found by numerical integration, 
with the size-invariant surface area shape factors, h^^, j, 
being 
Again, using equation 61, a new was calculated and steps 
2 through 7 were repeated until there was no significant change 
in G^. 
8) Having a value for G^, was found using equation CB. Using 
equations 4 and 7, an estimated critical nucleus size, Lc,min' 
of 10 angstroms seemed reasonable. With an estimate of 
n° was calculated using equation C9. 
9) Again knowing G^, and k^^ were calculated from equations CA 
and C5. By calculating the zeroeth and first moments 
(CIO) 
-1 
• (Cll) 
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numerically for the crystallite distribution, L^, was found. 
Using this result E was found from equation 41. the 
a,mm tp 
quotient of the total precipitate volume and the volume of 
precipitate mass, was found by calculating the sum of the third 
moments of the different FDD (equation 58) numerically using the 
size-invariant volume shape factors, h^ j of 
\,a= (C12) 
hv,c= n/4-(d^/t^)-^ (C13) 
Having L, n° was found using equation C6. 3 f nixix ct 
10) By calculating the zeroeth and first moments of the aggregate 
FDD, L was calculated from equation 55 and E, using 
a r,min 
equation 50. Using these results, n^ was calculated from 
equation C2. 
Figures CI and C2 show the results of the fitting procedure for the 
runs of varying pH. The values of the parameters determined from the 
experimental population distribution data using this fitting procedure 
are contained in Tables CI through C3. The distribution moments and 
other quantities of interest, calculated using these parameters, are 
summarized in Tables 04 through C9. 
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Table Cl. Floc population density distribution parameters 
Run pH T NOg:Y KjXlO^ kjXlO^ nJxlO"® Residual 
Sum of 
# (sec) (sec~^) 
—1 (sec" |im~ ) (nm"^cm"^) (rnn) Squares 
5 7.92 780 3.09 14.65 9.489 0.8448 2.77 0.345 
4 8.68 780 3.09 5.788 3.279 1.402 1.69 0.060 
1 8.80 780 3.09 0.8295 0.5739 12.73 1.29 0.053 
3 8.95 780 3.09 2.115 3.645 5.359 1.43 0.028 
8 9.08 780 3.09 0.7556 1.503 15.70 1.15 0.143 
2 9.21 780 3.09 0.5790 1.243 6.080 1.29 0.045 
6 9.49 780 3.09 0.4944 0.4037 1.234 1.15 0.150 
7 8.99 390 3.09 1.239 3.615 13.90 1.03 0.119 
9 8.98 1560 3.09 0.5483 0.5996 7.806 1.31 0.095 
11 8.70 780 6.00 1.148 0.7712 1.794 1.62 0.181 
12 8.60 780 9.00 4.986 2.394 0.3719 1.55 0.077 
Table C2. Aggregate population density distribution parameters 
Run PH X NO^tY K xlO* a k xlO^ a 
n°xlO-" 
a ^a,min*^® Residual 
Sum of 
« (sec) (sec'l) (sec~^) (ym) Squares 
5 7.92 780 3.09 0.7088 0.4797 1.745 4.53 0.204 
4 8.68 780 3.09 1.435 27.80 1.976 3.34 0.466 
1 8.80 780 3.09 8.750 52.80 3.108 2.03 0.497 
3 8.95 780 3.09 5.682 21.71 2.039 3.82 0.154 
8 9.08 780 3.09 15.97 21.70 8.225 1.96 0.337 
2 9.21 780 3.09 16.74 • 91.16 4.030 2.23 0.175 
6 9.49 780 3.09 21.09 178.2 1.830 1.75 0.735 
7 8.99 390 3.09 60.91 228.4 7.463 1.89 0.247 
9 8.98 1560 3.09 11.80 37.90 2.995 2.57 0.087 
11 8.70 780 6.00 33.00 100.9 1.528 2.72 0.183 
12 8.60 780 9.00 30.31 114.8 1.744 2.44 0.571 
Table C3. Crystallite population density distribution parameters 
Run pH T k xlO^ c n°xl0-^^ c 
r2 G^xlO* 
# (sec) (sec~^) (pm~^cîa~^) (pm sec"^) 
5 7.92 780 3.09 0.4870 0.4205 0.9721 2.173 
4 8.68 780 3.09 2.065 3.788 0.9925 3.900 
1 8.80 780 3.09 3.820 8.990 0.9735 4.490 
3 8.95 780 3.09 0.5091 7.403 0.8618 1.946 
8 9.08 780 3.09 2.693 14.99 0.9879 4.074 
2 9.21 780 3.09 3.628 1.821 0.9418 6.640 
6 9.49 780 3.09 8.934 3.956 0.9842 12.17 
7 8.99 390 3,09 7.347 4.429 0.9926 10.97 
9 8.98 1560 3.09 1.299 9.427 0.9730 2.234 
11 8.70 780 6.00 3.251 0.3864 0.9701 7.308 
12 8.60 780 9.00 4.765 0.6095 0.9761 8.850 
Table C4. Ploc moments and average dimensions 
Run MQ fXlO MJ fXlO'^ M3 fXlO 
a 
ou
 c », d 
«SO 
# (*/cm^) 3 (ym/cm ) 2 3 (pm /cm ) (ym^/cm^) (ym^/cm^) (ym) (ym) (ym) (uni) 
5 0.8445 2.885 7.437 14.94 67.50 3.42 5.29 6.97 14.2 
4 0.9509 2.443 6.086 12.38 61.05 2.58 4.51 6.28 14.9 
1 5.437 5.411 5.670 7.020 16.95 0.996 1.82 2.97 10.6 
3 1.863 2.433 3.260 4.087 5.766 1.31 2.36 3.47 8.60 
8 5.901 4.826 3.685 3.170 2.568 0.818 1.41 2.17 7.07 
2 3.524 3.636 2.970 2.455 1.709 1.03 1.64 2.37 6.63 
6 1.209 1.845 2.210 . 2.555 4.609 1.53 2.41 3.43 9,31 
7 6.487 5.590 4.007 2.989 1.554 0.862 1.40 2.07 6.07 
9 3.305 3.701 4.301 5.306 9.627 1.12 2.04 3.13 9.91 
11 1.222 2,018 3.149 4.815 14.99 1.65 2.86 4.22 11.0 
12 0.3603 0.8919 2.353 5.041 29.23 2.97 4.99 6.84 15.5 
Number average diameter = Hj ^/Mq £. 
'^Surface area average diameteic = l/n(M2 
c 1/3 Volume average diameter = 6/J/MQ g) 
^Diameter below which 50% of the floe volume was contained. 
Table C5. Aggregate moments and average dimensions 
*in Q q p ® b c d 
Run ,xlO ,xlO"^ M, ^xlO"^ M, ^xlO"° 3. 3. 3» 3=» 0,a l,a z,a j,a N s V JO 
# (#/cra^) (wm/cm^) (pm^/cm^) (pm^/cm^) (ym) (jjm) (ym) (ym) 
5 2.894 6.380 7.541 7.352 0.220 0.288 0.365 0.729 
4 1.900 2.584 1.753 0.9400 0.134 0.170 0.211 0.400 
1 2.200 2.245 1.340 0.2670 0.102 0.140 0.188 0.440 
3 20.39 23.07 13.57 7.665 0.113 0.146 0.193 0.450 
8 4.569 4.077 2.311 1.508 0.089 0.127 0.185 0.560 
2 2.709 2.774 1.695 1.041 0.102 0.141 0.194 0.499 
6 1.020 1.091 0.5750 0.2744 0.091 0.123 0.163 0.368 
7 3.562 2.909 1.593 1.180 0.082 0.119 0.185 0.770 
9 1.742 1.778 1.275 1.378 0.104 0.154 0.248 1.42 
11 1.1029 1.420 1.407 2.278 0.129 0.202 0.340 2.86 
12 1.311 1.613 1.384 1.572 0.123 0.183 0.284 1.20 
^Number average diameter = M- /M^ . X|a vl|a 
h 1 /9 Surface area average diameter = l/n(M„ /H« ) Z y Cl U f ci 
C 1/3 Volume average diameter = 6/ii(M, ) 
J | a  U y a  
^Diameter below which 50% of l;he aggregate volume was contained. 
Table C6. Crystallite moments and calculated parameters 
Run "O.c"»»'" Ml xlO ^ l,c M, „xlO"® Z,c M, ^xlO"^ 3,c 
«a 
B XlO" 
c 
d 
^c\^^c,min 
tt (#/cm^) 3 (ym/cm ) (ym^/cm^) (ym^/cm^) / -3 -Iv (cm sec ) (sec) (ym) 
5 1.486 5.398 6.6130 1.829 0.9137 163. 3.80 0.0353 
4 6.740 12.67 10.07 3.970 14.77 46.5 16.1 0.0187 
1 10.18 12.54 7.280 2.250 40.40 25.3 29.8 0.0124 
3 2.260 7.128 9.168 5.328 1.440 157. 3.97 0.0306 
8 22.04 34.60 24.83 9.713 61.07 35.4 21.0 0.0144 
2 3.183 5.883 5.333 2.750 12.09 26.3 28.6 0.0175 
6 0.5315 0.7673 0.5215 0.1980 4.814 11.0 69.7 0.0144 
7 6.393 9.867 6.951 2.670 48.40 13.2 28.6 0.0144 
9 15.51 26.95 21.55 9.397 2.106 73.4 20.3 0.0164 
11 0.8356 1.891 1.700 0.6716 2.824 29.6 25.4 0.0216 
12 1.103 2.106 1.650 0.6081 5.394 20.4 37.2 0.0181 
^Crystallite nucleation rate (equation 67). 
'^Effective crystallite residemce time (equation 32). 
'^(Loss of crystallites to agglomération)/(loss of crystallites by flow from the reactor) 
^Number average diameter. 
5 
4 
1 
3 
8 
2 
6 
7 
9 
11 
12 
Table C7. Particle number concentrations calculated using the first moments of the population 
density functions 
Total Number of Particles % of Total 
Ix 10-^^1 
, Crystallites Aggregates Plocs 
(f/cm^) 
1.776 83.66 16.30 0.04 
6.934 97.21 2.77 0.02 
10.41 97.83 2.11 0.06 
4,302 52.55 47.40 0.05 
22.50 97.78 1.99 0.23 
3.457 92.07 7.84 0.09 
0.6528 81.42 18.39 0.19 
6.756 94.63 5.26 0.01 
15.68 98.89 1.09 0.02 
0.9972 88.22 11.65 0.13 
1.234 89.35 10.63 0.02 
Figure C8. Precipitate surface area calculated using the second moments of the population density 
functions 
Run Total Precipitate Surface Area % of Total 
Ix 10-9| 
„ - Crystallites Aggregates Floes 
# (ym /cm ) 
5 15.64 4.27 48.19 47.5 
4 8.846 11.39 18.82 68.80 
1 7.732 9.22 17.44 73.34 
3 17.75 5.16 76.45 18.39 
8 8.478 29.28 27.25 43.47 
2 5.198 10.26 32.61 57.13 
6 2.837 1.84 20.26 77.90 
7 6.294 11.04 25.30 63.66 
9 7.731 27.87 16.49 55.64 
11 4.776 3.60 29.77 66.63 
12 3.901 4.22 35.47 60.31 
Table C9. Precipitate volume and calculated using the third moments of the population density 
distribution functions 
Run Total Precipitate Volume Z of Total 
# (cm^/1) 
Crystallites Aggregates Floes 
5 15.68 0.01 4.69 95.30 10.7 
4 12.47 0.03 0.07 99.20 8.51 
1 7.099 0.03 1.08 98.89 4.85 
3 4.858 0.11 15.78 84.11 3.31 
8 3.328 0.29 4.53 95.18 2.27 
2 2.562 0.11 4.06 95.83 1.75 
6 2.583 0.01 1.06 98.93 1.76 
7 3.110 0.08 3.80 96.12 2.12 
9 5.453 0.17 2.53 97.30 3.72 
11 5.044 0.01 4.52 95.47 3.44 
12 5.199 0.01 3.02 96.67 3.55 
a 3 Ratio of the total precipitate volume to the volume of precipitate mass = 1.465 cm / 1. 
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APPENDIX D: PROCESSING DATA 
Appendix D consists of data sheets which summarize the 
characterization data obtained throughout the various processing steps. 
The following symbols were used to identify the different dewatering and 
drying methods: 
AD = air-drying; 
AW = air-drying following a final wash with acetone; 
OWS = air-drying following consecutive washes with acetone, toluene, 
and acetone; 
FD = quick-freezing followed by removal of the water by sublimation; 
FT = quick-freezing followed by thawing and air-drying. 
When more than one pellet was processed for a specific powder, the data 
are presented as the average value ± the standard deviation. The powder 
surface areas are presented as the BET surface area ± the estimated 
error. 
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CHARACTERIZATION DATA SHEET: Run 1 
Run conditions; pH = 8.80 RFMR = 3.25 NO^iY = 3.09 T = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method "tap 
(g/cm^) 
BET Surface Area 
(rn^/g) 
IRET 
(Â)  
AD 
AW 
OWS 
PD 
FT 
1.52 
1.46 
0.303 
39.0+0.5 
4.9010.06 
26.6±0.39 
497 
3950 
728 
Yttrium oxide powder properties 
Drying 
Method 
AD 
AW 
OWS 
PD 
PT 
Ptap 
(g/cm^) 
1.56 
1.84 
0.403 
BET Surface 
Area 
(rn^/g) 
'BET 
(A) 
*222 
(À)  
*400 
(A) 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) ,(% theoretical) 
( BAD — — — — — 
AW — — — — — 
OWS — — — — — 
PD 1 0.7434 0.95 0.702 29.7 
FT - - - - -
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Densi ty 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 
AW — - - — 
OWS — — — — 
FD 1 0.7434 0.789 0.594 50.8 
FT — — - — 
1400 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) i% theo.) 
AD 
AV — — - — - — 
OWS — - — — — 
FD 1 0.699 0.522 25.9 0.625 73.5 
FT — — — — - — 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
A 
(cm) (cm) (%) (%) (% theo.) 
AD 
AW - — - - - -
OWS — — • — — — — 
FD 1 0.643 0.480 0.919 2.43 96,6 
FT — — — - — -
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CHARACTERIZATION DATA SHEET: Run 2 
Run conditions: pH = 9.21 RFMR = 4.20 NO^rr = 3.09 T = 780 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method Ptap 
BET Surface Area 
^BET 
(g/cm^) • (m^/g) (A) 
AD 
AV 
OWS 
FD 
FT 
1.07 
1.78 
0.745 
69.4±0.7 
59.2±1.0 
2.12+0.10 
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327 
9130 
Yttrium oxide powder properties 
Drying 
Method 
PFAP BET Surface 
Area dflET ^222 ^400 
(g/cm^) (m^/g) (Â) (A) (A) 
AD 
AW 
OWS 
FD 
FT 
1.18 
1.97 
1.20 1.6210.04 7360 -
-
Pellet properties after uniaxial compaction at 41 MPa 
DrBy. 
Meth. 
No. of Weight Diameter Height 
Pellets 
Density 
(g) (cm) (era) .(% theoretical) 
AD 
AW 
OWS 
FD 
FT 
3 0.7718+0.0097 0.95 0.558+0. 008 38.8+0.2 
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Pellet data after isostatic compaction at 220 MPa 
Dry. 
Heth. 
No. of Weight 
Pellets 
Diameter Height Density 
(g) (cm) (cm) (% theo.) 
AD 
AV 
OVS 
FD 
FT 
3 0.7718+0 .0097 0.830±0.001 0.509+0.003 55.610.5 
1400 °C sintered pellet data 
Dry. 
Heth. 
# Diameter Height Open 
Porosity 
Closed 
Porosity 
Density 
(cm) (cm) (%) (%) (% theo.) 
AD 
AW 
OWS 
FD 
FT 
3 0.818±0.001 0.501É0. 007 40.9+0.1 0.506+0.053 58.6+0.1 
1800 °C sintered pellet data 
Dry. 
Meth. 
# Diameter Height Open 
Porosity 
Closed 
Porosity 
Density 
(era) (cm) (%) (%) (% theo.) 
AD 
AW 
OWS 
FD 
FT 
2 0.729±0.003 0.439+0. 004 9.75+0.28 6.13±0.78 84.1+0.5 
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CHARACTERIZATION DATA SHEET; Run 3 
Run conditions; pH = 8.95 RFMR = 3.65 NOGIY = 4.00 T = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method 
P^ap BET Surface Area ^BET 
(g/cm^) (m^/g) (A) 
AD 
AV 
OWS 
FD 
FT 
1.21 
0.549 
0.607 
1.01 
88.8+0.8 
136.±0.1 
97.2+1.8 
218 
142 
199 
Yttrium oxide powder properties 
Drying 
Method 
1 "tap BET Surface Area ^BET *222 ^400 
(g/cm^) (ra^/g) . (Â) (A) (A) 
AD 
AW 
OWS 
FD 
FT 
1 
0 
0 
1 
.18 
.536 
.651 
.10 
35.6+0.2 335 - -
Pellet properties after uniaxial compaction at 41 MPa 
Dry. 
Meth. 
No. of 
Pellets 
Weight Diameter Height Density 
(g) (cm) (cm) .(% theoretical) 
AD 
AW 
OWS 
FD 
FT 
3 
1 
0.7534+0.0021 0.95 
0.7691 0.95 
0.855+0.1 
0.808 
019 24.7+0.5 
26.7 
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Pellet data after isostatic compaction at 220 HPa 
Dry. 
Heth. 
No. of Weight Diameter 
Pellets 
Height Density 
(g) (cm) (cm) (% theo.) 
AD 
AW 
OWS 
FD 
FT 
3 0.7534+0.0021 0.776±0.008 0. 
1 0.7691 0.807 
,702±0.013 
0.703 
45.2+0.2 
42.5 
1400 °C sintered pellet data 
Dry. 
Heth. 
» Diameter Height Open 
Porosity 
Closed 
Porosity 
Density 
(cm) (cm) (%) (%) (% theo.) 
AD 
AW 
OWS 
FD 
FT 
3 
1 
0.609±0.005 0.555+0.012 
0.652 0.560 
0.715+0.095 
8.22 
5.06+0.57 
5.89 
94.210.5 
85.9 
1800 °C sintered pellet data 
Dry. 
Heth. 
# Diameter Height Open 
Porosity 
Closed 
Porosity 
Density 
(cm) (cm) (%) (%) (% theo.) 
AD 
AW 
OWS 
FD 
FT 
2 
1 
0.633+0.005 0.55710.009 
0.641 0.554 
2.06±1.23 
1.82 
8.94±1.13 
3.09 
89.01.1 
95.1 
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CHARACTERIZATION DATA SHEET: Run 4 
Run conditions ; pH = 8.68 RFHR = 2.90 NOgiY = 3.09 T = 780 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method *tap 
BET Surface Area dfiET 
(g/crn^) (rn^/g) (A) 
AD 
AW 
OWS 
FD 
FT 
1.39 
0.282 
0.169 
0.160 
1.32 
12.5+0.2 
130.±1. 
181.±0.5 
68.6+0.5 
14.3±0.2 
1550 
148 
107 
282 
1350 
Yttrium oxide powder properties 
Drying 
Method - "tap 
BET Surface 
Area ^BET ^222 ^400 
(g/cm^) (m^/g) (À) (A) (A) 
AD 
AW 
OWS 
FD 
FT 
1.59 
0.291 
0.284 
0.213 
1.39 
18.2±0.1 
41.0±0.3 
42.3±0.5 
28.3±0.1 
21.2+0.1 
657 
290 
282 
422 
562 
405 
293 
272 
344 
366 
376 
268 
246 
349 
350 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
" 
(g) (cm) (cm) (% theoretical) 
AD 3 0.7671±0.0083 0.95 0. 583+0.008 36.9+0.4 
AW 1 0.6970 0.95 0.856 22.8 
OWS 3 0.7615+0.0052 0.95 0. 8U±0.008 26.2+0.1 
FD 3 0.7713+0.0101 0.95 0. 825+0.011 26.2+0.1 
FT 3 0.7654+0.0035 0.95 0. 621+0.006 34.6+0.4 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.7671+0 .0083 0.857+0.002 0. 535+0.005 49.4+0.6 
AW 1 0.6970 0.749 0.702 44.8 
OWS 3 0.7615+0 .0052 0.784+0.003 0. 677+0.007 46.4+0.3 
FD 3 0.7713+0 .0101 0.783+0.002 0. 688±0.009 46.2+0.4 
FT 3 0.7654+0 .0035 0.879+0.017 0. 592+0.015 42.4+2.4 
1400 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.720+0.001 0.454+0.004 16.0+0.6 0.948+0.399 • 83.0+0.3 
AW 1 0.584 0.545 0.071 1.36 98.6 
OWS 3 0.616+0.001 0.527+0.006 0.584+0.004 1,43+0.05 97.9+0.1 
FD 3 0.613+0.002 0.538+0.012 0.339+0.327 2.62+0.87 97.0+1.0 
FT 3 0.719+0.008 0.485+0.008 14.2±1.7 2.66+0.26 83.1+1.9 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.703+0.001 0.441+0.001 4.32+0.71 6.21+.67 89.5+0.1 
AW 1 0.590 0.558 1.23 4.73 94.0 
OWS 2 0.621+0.002 0.55610.001 0.612±0.093 6.69+1.38 92.7±1.2S 
FD 2 0.615+0.001 0.555+0.024 0 4.15+0.54 95.8+0.5 
FT 2 0.701+0.004 0.476+0.013 10.0+1.0 3.58+0.77 86.4±1.7 
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CHARACTERIZATION DATA SHEET; Run 5 
Run conditions; pH = 7.92 RFMR = 2.60 N02:Y = 3.09 T = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method "tap 
BET Surface Area 
^BET 
(g/cm^) (mf/g) (Â) 
AO 
AW 
OWS 
FD 
FT 
0.784 
0.303 
0.260 
0.234 
0.637 
32.4±0.4 
46.810.5 
70.010.7 
55.810.7 
24.210.3 
597 
414 
276 
347 
798 
Yttriîijs oxide povder properties 
Drying 
Method Ptap 
BET Surface 
Area ^BET ^222 ^400 
(g/cm^) (mf/g) (A) (Â) (A) 
AD 
AW 
OWS 
FD 
FT 
0.735 
0.697 
0.197 
0.194 
0.554 
19.9±0.1 
28.710.2 
41.4+0.2 
39.1+0.3 
21.9+0.1 
600 
416 
288 
305 
546 
397 
323 
255 
267 
344 
384 
292 
215 
226 
314 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) ( % theoretical) 
AD 3 0.7684+0.0077 0.95 0.77810.006 27.7+0.3 
AW 1 0.7087 0.95 0:835 23.8 
OWS 3 0.7710+0.0039 0.95 0,884+0.009 24.5+0.3 
FD 3 0.7541+0.0024 0.95 0.904+0.014 23.4+0.4 
FT 1 0.7426 0.95 0.838 24.8 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.7684+0 .0077 0.786+0.02 0. 645+0.007 48.71.2 
AW 1 0.7087 0.800 0.582 48.2 
CVS 3 0.771010 .0039 0.865+0.002 0. 562+0.009 46.4+0.7 
FD 3 0.7541+0 .0024 0.858+0.006 0. 60510.014 42.8+0.4 
FT 1 0.7426 0.771 0.655 48.3 
1400 °C sintered pellet data 
; 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.637+0.003 0.523+0.004 0.18210.119 7.11+0.22 92.7+0.3 
AW 1 0.660 0.467 1.16 8.06 90.8 
OWS 3 0.723+0.004 0.440+0.006 7.18+0.62 4.2511.17 88.6+0.9 
FD 3 0.697+0.008 0.445+0.012 0.338+0.373 5.4211.00 94.2+0.6 
FT 1 0.635 0.535 5.38 5.59 89.0 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.629+0.001 0.519+0.005 0.192+0.092 3.05+1.64 96.811.6 
AW 1 0.645 0.450 0.069 2.84 97.1 
OWS 2 0.709±0.001 0.428+0.001 0.0 2.30+0.01 97.7+0.1 
FD 2 0.698+0.007 0.444+0.011 0.285+0.222 4.54+0.33 95.2+0.6 
FT — — — - — 
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CHARACTERIZATION DATA SHEET; Run 6 
Run conditions; pH = 9.49 RFMR = 5.50 NOgzY = 3.09 r = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method "tap 
BET Surface Area dflET 
(g/cm^) (mf/g) (A) 
AD 
AW 
OWS 
FD 
FT 
1.40 
1.43 
0.606 
0.772 
0.850 
64.6+1.3 
73.2±0.7 
25.4±0.3 
2.32±0.30 
75.2±0.8 
300 
265 
761 
8360 
257 
Yttrium oxide powder properties 
Drying 
Method Ptap 
BET Surface 
Area ^BET *222 ^400 
(g/cm^) (rn^/g) (Â) (A) (A) 
AD 
AW 
OWS 
FD 
FT 
1.83 
1.50 
1.04 
1.24 
1.11 
10.3±1.0 
10.7±0.1 
15.7±0.9 
1.80±0.07 
14.110.1 
1160 
1110 
760 
6640 
847 
453 
451 
428 
491 
427 
417 
403 
374 
441 
401 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) '(% theoretical) 
AD 3 0. 7843+0.0234 0.95 0.50610.019 43.4+0.4 
AW 3 0. 7603+0.0133 0.95 0,489+0.008 43.610.1 
OWS 3 0. 7697+0.0049 0.95 0.65710.005 32.810.1 
FD 3 0. 7659+0.0197 0.95 0.539+0.009 39.810.9 
FT 1 0.7591 0.95 0.645 33.0 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Heth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.784210 .0234 0.87310.002 0. 47510.015 54.710.5 
AV 3 0.7603±0 .0133 0.87010.002 0. 45710.008 55.710.4 
OWS 3 0.7697+0 .0049 0.82110.003 0. 59710.004 48.410.2 
FD 3 0.765910 .0197 0.84410.001 0. 493+0.008 55.2+0.7 
FT 1 0.7591 0.814 0.577 50.2 
1400 °C sintered pellet data 
Dry. * Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.79310.003 0.43310.013 24.910.1 0.562+0.145 74.510.1 
AW 3 0.77510.001 0.41110.006 20.7+0.9 1.35+0.9 77.9+0.2 
OWS 3 0.68210.001 0.49910.001 15.4+0.4 1.8911.51 82.711.2 
FD 3 0.82710.002 0.48610.008 40.2+0.4 0.136+1.164 59.710.7 
FT 1 0.698 0.500 19.6 1.92 78.4 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.75310.001 0.41610.016 8.9510.14 3.9610.03 87.1+0.1 
AW 2 0.75510.002 0.39410.005 13.410.9 1.2310.17 85.3+0.7 
OWS 2 0.65310.004 0.47410.005 0.162+0.139 1.5510.55 98.3+0.4 
FD 2 0.74710.006 0.42710.003 8.77+3.68 5.7413.19 85.510.5 
FT 1 0.668 0.479 0.122 8.38 91.5 
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CHARACTERIZATION DATA SHEET; Run 7 
Run conditions; pH = 8.99 RFMR = 4.00 N03:Y =3.09 T = 390 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method "tap 
BET Surface Area 
^BET 
(g/cm^) (rn^/g) (A) 
AD 
AW 
OWS 
FD 
FT 
1.20 
1.23 
0.475 
0.234 
1.02 
11.7+0.2 
10.3+0.1 
147.±0.1 
9.3410.20 
33.210.5 
1650 
1880 
132 
2070 
583 
Yttrium oxide powder properties 
Drying 
Method Ptap 
BET Surface 
Area (^BET ^222 ^400 
(g/cra^) (m^/g) (A) (A) (A) 
AD 
AW 
OWS 
FD 
FT 
1.27 
1.30 
0.575 
0.727 
1.07 
19.3±0.2 
21.7±0.4 
33.9+0.1 
9.40±0.3 
24.4+0.3 
617 
891 
571 
1270 
490 
-
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theoretical) 
AD 3 0.7741+0.0174 0.95 0.65810.021 33.0+0.6 
AW 3 0.7627+0.0148 0.95 0.677+0.011 31.6+0.1 
OWS 3 0.7525+0.0026 0.95 0.903+0.009 23.4+0.3 
FD 3 0.774210.0070 0.95 0.62910.009 34.5+0.2 
FT 3 0.769710.0030 0.95 0.745+0.010 29.0+0.3 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.7741+0 .0174 0.838+0.004 0. 598+0.028 46.7+0.9 
AW 3 0.7627+0 .0148 0.835+0.001 0. 609+0.015 45.5+0.2 
OWS 3 0.7525+0 .0026 0.752+0.004 0. 747+0.004 45.1+0.1 
FD 3 0.7742+0 .0070 0.822+0.001 0. 556+0.009 52.1+0.3 
FT 3 0.7697+0 .0030 0.811+0.003 0. 659+0.007 44.9+0.2 
1400 ®C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. 
. 
Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.67620.004 0.487+0. 014 8.90+0.50 1.19+1.87 ff9.9±1.4 
AW 3 0:666+0.001 0.496+0. 009 8.68+0.03 2.75+0.21 88.6+0.2 
OWS 3 0.588+0.004 0.586+0. 006 0.411±0.162 2.82+0.15 96.8+0.1 
PD 3 0.739+0.004 0.499±0. 006 26.3+0.3 1.99+0.28 71.7+0.1 
FT 3 0.644+0.003 0.524+0. 003 6.47+0.98 3.96+0.84 89.6+0.2 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.665+0.007 0.466+0. 003 0.824±0.277 3.26±0.64 95.9+0.4 
AW 2 0.654+0.001 0.484+0. 013 0.496+0.008 5.11+0.59 94.4+0.6 
OWS 2 0.584+0.005 0.590+0. 006 0.640+0.093 4.04±0.28 95.3±0.2 
FD 2 0.693+0.001 0.460+0. ,011 1.48+0.27 9.73+0.01 88.8±0.3 
FT 2 0.634+0.004 0.521+0. .004 0.0 5.64+0.15 94.4+0.2 
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CHARACTERIZATION DATA SHEET; Run 8 
Run conditions; pH = 9.08 RFMR = 4.00 N03:Y = 3.09 x = 780 sec 
Yttrium hydroxynitrate powder properties 
Drying p.__ BET Surface Area dopT 
Method ^ 
(g/cm^) (m^/g) (Â) 
AD 1.10 31.0±0.6 625 
AW 1.21 19.8±0.1 978 
OWS 0.570 113.±0.7 172 
FD 0.512 5.52+0.22 3510 
FT 0.810 7.28+0.18 2660 
Yttrium oxide powder properties 
Drying BET Surface dg^T ^222 <^400 
Method Area 
(g/cra^) (rn^/g) (A) (A) (A) 
AD 1.16 20.610.2 578 
AW 1.42 17.210.1 693 
OWS 0.899 20.710.1 576 
FD 0.659 3.57+0.53 3340 
FT 0.960 15.710.1 760 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theoretical) 
AD 3 0.7653+0.0034 0.95 0.67910.005 31.610.1 
AW 3 0.7556+0.0221 0.95 0.600+0.008 35.310.7 
OWS 3 0.756110.0080 0.95 0.73310.012 28.9+0.8 
FD 3 0.7710+0.0104 0.95 0.63110.009 34.3+0.1 
FT 3 0.7752+0.0076 0.95 0.706+0.007 30.8+0.5 
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Pellet data after isostatic compaction at 220 HPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0. 7653+0.0034 0 .820+0.002 0 .598+0.004 48.1+0.1 
AV 3 0. 7556+0.0221 0 .840+0.004 0 .547+0.013 49.5+0.7 
OWS 3 0. 7561+0.0080 0 .794+0.009 0 .645+0.006 47.1+0.2 
FD 3 0. 7710+0.0104 0 .821±0.001 0 .552+0.007 52.5+0.2 
FT 3 0. 7752+0.0076 0 .809+0.002 0 .624+0.002 48.0+0.4 
1400 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.663+0.002 . 0.490+0.002 7.63+0.49 2.29±0.17 90.1+0.6 
AW 3 0.697+0.002 0.455+0.008 12.2+0.4 1.91±0.34 85.9+0.1 
OWS 3 0.647+0.009 0.528+0.005 9.82+0.31 2.47+0.61 87.7+0.3 
FD 3 0.784+0.003 0.531±0.003 39.5±0.6 0.51810.339 60.0+0.3 
FT 3 0.692+0.005 0.539+0.002 21.7+0.7 1.75+0.36 76.5+0.3 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (Z theo.) 
AD 2 0.651+0.001 0.476±0.006 0.031+0.044 6.28+0.79 93.7+0.7 
AV 2 0.683±0.001 0.444±0.009 1.20+0.98 6.45+0.98 92.3+0.1 
OWS 2 0.623+0.008 0.513±0.001 0.130+0.091 1.72+0.13 98.1±0.1 
FD 2 0.694+0.001 0.462+0.008 3.84+0.13 7.73±0.11 88.4+0.1 
FT 2 0.644+0.006 0.505±0.001 0.062+0.001 2.87+0,08 95.1+0.1 
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CHARACTERIZATION DATA SHEET; Run 9 
Run conditions; pH = 8.98 RFMR = 4.00 NO^cY =3.09 T = 1560 sec 
Yttrium hydroxynîtrate powder properties 
Drying BET Surface Area '^BET 
(g/cm^) (m^/g) (A) 
AD 1.26 12.1+0.1 1600 
AW 1.38 12.711.0 1530 
OWS 0.476 159.±0.6 122 
FD 0.302 12.5±0.1 1551 
FT 0.575 16.3±0.3 1180 
Yttrium oxide powder properties 
Drying 
Method Ptap 
(g/cm^) 
BET Surface 
Area 
(rn^/g) 
^BET 
(A) 
^222 
(A) 
*400 
(A) 
AD 1.21 19.011.0 627 
AW 1.65 14,310.1 832 — — 
OWS 0.705 29.110.2 410 — — 
FD 0.417 8.4610.09 991 — — 
FT 0.699 10.310.1 1160 — — 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) '(% theoretical) 
AD 3 0.762210.0130 0.95 0 .65910.013 32.410.2 
AW 3 0.760810.0027 0.95 0 .54410.003 39.210.2 
OWS 3 0.770610.0134 0.95 0 .78810.013 27.410.1 
FD 3 0.7646+0.0042 0.95 0 .72310.006 29.7+0.1 
FT 3 0.7689+0.0070 0.95 0 .72510.020 29.810.6 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Heth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.762210 .0130 0.831+0.001 0. 58710.011 47.7+0.2 
ÂV 3 0.7608±0 .0027 0.858+0.002 0. 50610.005 51.710.5 
OWS 3 0.7706+0 .0134 0.785+0.001 0. 68210.012 46.410.3 
FD 3 0.7646+0 .0042 0.79610.002 0. 62010.002 49.3+0.3 
FT 3 0.768910 .0070 0.79310.001 0. 63710,012 48.610.5 
1400 ®C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.667+0.002 0.47810.010 6.5410.43 2.4610.40 91.0+0.1 
Atf 3 0.735+0.001 0.436+0.002 17.6+0.1 0.76410.090 81.610.1 
OWS 3 0.619+0.001 0.542+0.010 0.47710.058 4.2110.85 95.310.9 
FD 3 0.732+0.004 0.57010.004 35.710.7 0.630+0.096 63.610.7 
FT 3 0.70710.001 0.56710.011 30.310.3 0.57710.287 69.1+0.3 
1800 °C sintered pellet : data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.655+0.004 0.468+0.010 0.222+0.039 3.2910.21 96.510.3 
AW 2 0.718+0.001 0.42210.001 8.0110.24 3.29+0.15 88.7+0.4 
OWS 2 0.620+0.004 0.543+0.11 0.59410.032 3.34+0.10 96.110.1 
FD 2 0.645+0.006 0.48810.004 0.0 3.91+1.03 96.111.0 
FT 2 0.637+0.002 0.51410.007 0.062+0.088 4.20+0.03 95.710.1 
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CHARACTERIZATION DATA SHEET; Run 10 
Run conditions: pH = 9.02 RFMR = 4.00 NOgiY = 3.09 T = 780 sec 
Yttrium hydroxynitrate powder properties 
Drying p,.- BET Surface Area dngm 
Method P 
(g/cm^) (m^/g) (Â) 
AD 1.12 41.9+0.1 462 
AW 1.02 27.2±0.3 713 
OWS 0.897 
FD 0.559 3.02±0.09 6400 
FT 0.789 16.3+0.3 1180 
Yttrium oxide powder properties 
Drying BET Surface dgg? 6222 
Method Area 
(g/cm^) (ra^/g) (Â) (A) (A) 
AD 1.33 20.510.3 583 370 325 
AW 1.05 25.810.1 463 320 272 
OWS 1.28 16.910.1 704 330 311 
FD 0.985 2.80+0.08 4220 444 400 
FT 1.02 15.210.8 782 375 355 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theoretical) 
AD 3 0.7674+0.0099 0.95 0.606+0.003 35.5+0.3 
AW 3 0.7690+0.0129 0.95 0.760+0.018 28.4+0.2 
OWS 3 0.772510.0069 0.95 0.664+0.004 32.6+0.2 
FD 3 0.777410.0192 0.95 0.60810.011 35.8+0.3 
FT 3 0.777210.0088 0.95 0.64710.004 33.7+0.4 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Heth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 3 0.7674+0 .0099 0.842±0.002 0. 540+0.004 50.7+0.1 
AW 3 0.7690±0 .0129 0.803+0.001 0. 659+0.013 45.8+0.1 
OWS 3 0.7725+0 .0069 0.827±0.004 0. 596+0.008 47.9+0.7 
FD 3 0.7774+0 .0192 0.829+0.004 0. 539+0.009 53.1+0.7 
FT 3 0.7772+0 .0088 0.817+0.005 0. 584+0.006 50.5+0.6 
1400 ®C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.710+0.001 0.462+0. 005 15.6+0.3 I.30±0.41 83.1+0.1 
AW 3 0.635+0.001 0.527+0. 009 4.55+0.14 4.36+0.87 91.1±1.0 
OWS 3 0.697+0.001 0.506+0. 003 18.0+0.2 1.54±0.33 80.5+0.3 
FD 3 0.800+0.003 0.521+0. 013 39.0+2.1 1.18+1.64 59.8+0.6 
FT 3 0.719+0.001 0.513+0. 001 24.1+1.0 1.71+0.76 74.2+0.3 
1800 °C sintered pellet data 
Dry. « Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.691+0.001 0.448+0. 003 4.18+0.22 6.15+0.37 89.7+0.6 
AV 2 0.629+0.001 0.512+0. 009 0.475±0.046 3.83+0.59 95.7+0.6 
OWS 2 0.664+0.001 0.473+0. 004 0.279±0.308 5.54+0.76 94.2+0.5 
FD 2 0.730+0.003 0.461+0. 008 14.6+0.2 4.74+0.32 80.7+0.5 
FT 2 0.675+0.000 0.480+0. 004 0.558+0.373 8.93+0.98 90.5+0.6 
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CHARACTERIZATION DATA SHEET; Run 11 
Run conditions: pH = 8.70 RFMR = 4.00 NOgiY = 6.00 T = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method Ptap 
(g/cm^) 
BET Surface Area 
(mf/g) 
*^BET 
(A) 
AD 1.09 30.4±0.4 636 
AV 0.863 18.8±0.3 1040 
OWS 0.309 39.7+0.3 488 
FD 0.856 15.310.2 1270 
FT 0.786 18.0±0.2 1070 
Yttrium oxide powder properties 
Drying *tap BET Surface ^BET ^222 ^400 Method Area 
(g/cm^) (ra^/g) (A) (A) (A) 
AD 1.06 21.4±0.1 557 382 339 
AV 1.05 23.0+0.1 520 364 340 
OWS 0.834 20.5+0.1 560 346 435 
FD 0.449 4.98±0.19 2390 490 435 
FT 0.804 18.8+1.0 633 368 355 
Pellet properties after uniaxial compaction at 41 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
<g) (cm) (cm) .(% theoretical) 
AD 3 0. 7929+0.0470 0.95 0.756+0.049 29.4+0.2 
AV 3 0. 7664+0.0047 0.95 0.692+0.005 31.1+0.1 
OWS 3 0. 7720+0.0137 0.95 0.804±0.012 26.9+0.2 
FD 3 0. 7693+0.0060 0.95 0.779+0.014 27.7+0.4 
FT 3 0. 7788+0.0213 0.95 0.800+0.023 27.3+0.1 
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Pellet data after isostatic compaction at 220 MFa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AO 3 0.7929±0 .0470 0.806+0.004 0. 650+0.043 47.5+0.4 
AW 3 0.7664+0 .0047 0.815+0.0 0. 616+0.005 47.4±0.1 
OVS 3 0.7720+0 .0137 0.783+0.004 0. 692+0.015 46.1+0.1 
FD 3 0.7693+0 .0060 0.786+0.008 0. 658+0.007 47.9+0.8 
FT 3 0.7788+0 .0213 0.788+0.001 0. 691+0.020 46.0+0.1 
1400 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 3 0.642±0.001 0.523+0. 030 4.25+0.42 2.58+0.41 93.2+0.1 
AW 3 0.656±0.001 0.501+0. 003 7.51+0.31 2.58+0.41 89.9+0.2 
OWS 3 0.618±0.001 0.547+0. 009 0.731+0.084 5.73+0.88 93.510.9 
FD 3 0.709±0.001 0.596+0. 007 33.8+0.3 1.16+0.55 65.1+0.4 
FT 3 0.642±0.003 0.565+0. 017 12.5+1.4 2.27+0.31 85.2+1.1 
1800 oc sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 2 0.633+0.001 0.525+0. 037 0.0 2.09+0.18 97.9±0.2 
AW 2 0.641+0.001 0.489+0. 010 0.542+0.139 2.36+0.21 97.1+0.1 
OWS 2 0.613+0.0 0.534+0. 001 0.222+0.314 3.51+0.77 96.3±0.5 
FD 2 0.628+0.002 0.525+0. 004 0.094+0.134 2.29+1.16 97.6+1.0 
FT 2 0.617+0.001 0.551+0. ,013 0.224+0.229 1.76+0.05 98.0+0.2 
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CHARACTERIZATION DATA SHEET: Run 12 
Run conditions; pH = 8.60 RFMR = 4.00 NOgiY = 9.00 T = 760 sec 
Yttrium hydroxynitrate powder properties 
Drying 
Method Ptap 
BET Surface Area 
^BET 
(g/cm^) (rn^/g) (A) 
AD 0.977 31.7±0.6 611 
AW 0.500 57.011.1 340 
OWS 0.338 112.+1.2 172 
FD 0.224 28.7±0.4 675 
FT 0.947 22.9+0.2 845 
Yttrium oxide powder properties 
Drying Pfao BET Surface ^BET ^222 ^400 Method Area 
(g/cm^) (rn^/g) (A) (A) (A) 
AD 0.934 21.6±0.1 463 341 308 
AW 0,587 26.2+0.2 455 343 315 
OWS 0.341 39.2±0.2 304 279 264 
FD 0.507 15.3±0.1 780 444 376 
FT 1.02 20.2±0.1 592 381 350 
Pellet properties after uniaxial compaction at 41 MFa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) .(% theoretical) 
AD 1 0.7181 0.95 0.666 30.2 
AW 1 0.6992 0.95 0.786 24.9 
OWS 3 0.7507+0.0137 0.95 0.822+0. 009 25.6+0.2 
FD 3 0.7584+0.0100 0.95 0.741+0. 009 28.710.2 
FT 3 0.7920+0.0133 0.95 0.721+0. 013 30.8+0.1 
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Pellet data after isostatic compaction at 220 MPa 
Dry. No. of Weight Diameter Height Density 
Meth. Pellets 
(g) (cm) (cm) (% theo.) 
AD 1 0.7181 0.81 0.584 47.1 
AW 1 0.6992 0.754 0.675 46.1 
OWS 3 0.7507+0.0137 0=769+0.001 0. 696+0.009 46.2+0.3 
FD 3 0.7584+0.0100 0.780+0.003 0. 648+0.008 48.7+0.3 
FT 3 0.7920±0.0133 0.814+0.005 0. 645+0.011 46.910.6 
1400 sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) : 
AD 1 0.649 0.471 6.37 2.87 90.8 
AW 1 0.604 0.539 0.067 6.45 93.5 
OWS 3 0.601+0.001 0.538±0.007 0.499+0.096 2.51+0.69 97.010.7 
FD 3 0.668+0.002 0.555+0.007 22.3+0.1 0.697+0.736 77.0+0.8 
FT 3 0.65710.0 0.522+0.009 4.74+0.50 3.2511.68 92.0+1.2 
1800 °C sintered pellet data 
Dry. # Diameter Height Open Closed Density 
Meth. Porosity Porosity 
(cm) (cm) (%) (%) (% theo.) 
AD 1 0.634 0.459 0.276 1.43 98.3 
AW 1 0.594 0.536 0.0 2.52 97.5 
OWS 2 0.608+0.001 0.546+0.008 0.58810.006 3.0910.38 96.3+0.3 
FD 2 0.62010.002 0.515±0.011 0.0 0.441+0.062 99.6+0.1 
FT 2 0.642+0.0 0.515+0.005 0.093+0.049 1.90+1.62 98.011.6 
